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En Route Descent Advisor Benefits

Benefits Assessment Compilation for the
En Route Descent Advisor (EDA) AATT Decision Support
Tool

Summary

The National Aeronautics and Space Administration (NASA) is producing a suite of Decision
Support software Tools (DSTs) under the Center-TRACON Automation System (CTAS) project,
to support FAA Air Traffic Control (ATC), Airline Operations Control (AOC), and flight crew
operations. CTAS, a human-centered design based around a core-set of software modules, is
intended to enhance the capacity, efficiency, and flexibility of the National Airspace System (NAS)
[1] and advance industry initiatives such as Free Flight [2]. En Route/Descent Advisor (EDA) is
one such CTAStool, designed to aid FAA En Route ATC provide more efficient management of
air traffic within and between Air Route Traffic Control Centers (ARTCCs, aso known as
“Centers’). EDA will served aircraft at all phases of en route flight, including climb, cruise, and
descent, with the goa of reducing deviations from the airspace users' preferred trgjectory (dueto
separation assurance and conformance with dynamic flow restrictions). This document isthe
culmination of aseries of past studies of individua benefit mechanisms expected from the
functionality of the CTAS EDA tool. This study compiles and refines these previous and ongoing

EDA benefits efforts, and is the first to present cross-comparable annual National Airspace System
(NAS)-wide quantitative benefit estimates using common baselines and assumptions, where

available. These estimates reflect new results based upon improved models and recent field tests

of en route trajectory prediction. Additionally, where quantitative results are unavailable, an effort
has been made to discuss qualitative benefits, in order to provide amore complete picture of
expected EDA impacts. The EDA benefits, limited to those that occur from DST's operating in en
route (ARTCC) airspace, are categorized under AATT benefit metrics categories of capacity,
predictability, flexibility, environment, and safety.

Study Cases

In thisreport, EDA benefits are computed by comparing air traffic management (ATM) operations
of aproposed future EDA DST as an enhancement relative to a Baseline system. Both systemsare
defined below.

FFP1 Baseline

The assumed Baseline case reflects en route operations aided by FAA Free Flight Phase 1 (FFP1)
arrival metering and conflict probe tools. FAA’s Free Flight Phase 1 program is currently
deploying afirst generation of advanced ATM DSTsincluding the following tools assumed in the
study Baseline:

» Traffic Management Advisor (TMA) [3], one of the first CTAS tools, schedules and
meters arriva flightsinto high-density terminal areas. TMA sets an arrival aircraft metering fix-
crossing schedule at the Center/ TRACON boundary and displays flight-specific delay
advisoriesto the controller. The controller cognitively creates a strategy to absorb the specified
delay to meet the TMA schedule. Delay feedback, updated several times aminute, dynamically
indicates the amount of delay remaining in order to meet the TMA schedule.

* User Request Evaluation Tool (URET CCLD) [4] is an initial implementation of
conflict probe (CP) prediction and trial-planning tools. Thistool independently probes all en
route airspace predicted trgjectories and alerts controllers of potential separation assurance
conflictswith atrial planner to assist in the development of effective conflict resolution
clearances. Because the metering conformance and conflict probe functions are not integrated in

1
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FFP1 operations, the conflict probe’ s performance (i.e., its ability to determine potential
conflicts accurately) suffers by being unaware of the controller metering conformance flight
changes.

» Passive Final Approach Spacing Tool (pFAST) [5], another CTAS tool, assists TRACON
merging operations by providing runway assignments and runway sequence advisoriesto the
controllers soon after the aircraft passes the arrival metering fix. (Note: The pFAST tool isonly
employed in these analyses, when the analysis requires TRACON technology assumptions.)

EDA System

The future ATM system, for which EDA benefits analyses are directed herein, refers to the next
generation of en route operations, where FFP1 operations are enhanced with the integrated
capabilities of the CTAS En Route/Descent Advisor (EDA) tools. EDA addresses three key
elements missing from the FFP1 Baseline operations and procedures [6].

First, en route DST capability is enhanced to improve the efficiency with which en route controllers
direct traffic to conform to flow-rate restrictions. In general two types of flow-rate restrictions need
to be considered: time-based arrival metering and en route miles-in-trail (MIT) spacing. Such
restrictions are dynamically used when it is necessary to delay or schedule incoming flights to
relieve capacity-constrained airspace or airports. Though flow restrictions impact only a small

share of al flights, the resulting deviations are significant. EDA can enable controllersto
strategically plan their flow-rate conformance actions, subject to arrival metering and MIT
restrictions, resulting in areduction in workload, flight deviations, and fuel consumption.

Secondly, EDA integrates DST flow-rate conformance capabilities with conflict detection and
resolution (CD&R) tools. Integration reduces fuel consumption and workload by reducing the rate
of conflict probe false alarms and missed alerts. The improved accuracy due to better knowledge
of the controller’ s intended conformance actions also reduces the number of corrective clearances
needed to achieve flow-rate conformance while avoiding conflicts. Under the FFP1 Basdline,
controllers have no automated assistance to develop a conflict-free plan that conforms to flow-rate
restrictions. That is, although FFP1 conflict probe trial-planning functions help identify conflict-
free plans, these plans are independent of flow-rate conformance restrictions. Likewise, athough
FFP1 arrival metering provides the controller with delay feedback, explicit conflict-free flight
maneuvers to meet the arrival metering schedule are not provided, and en route MIT spacing
restrictions are not addressed.

Third, the limitations of today’ s inter/intra-sector coordination procedures will curtail user-ATM
collaboration and user flexibility beyond FFP1 within en route airspace. Current ATM procedures
are predominantly oriented towards airspace or sector boundaries, to protect the internal airspace of
asector. However, user preferences are predominantly oriented towards trajectories that extend
across several sectors and Centers. This paradox is aprimary obstacle to fully realizing en route
user-ATM collaborative operations benefits. Although automation of existing procedures provides
some benefit, afundamental changeis required to achieve long-term industry objectives of user
flexibility and distributed air-ground traffic management. A goal of EDA development isto enable a
shift towards atrgjectory orientation by enabling efficient controller actions that work cooperatively
across sectors, in maintaining both separation and conformance to flow-rate restrictions [ 7].

In this study, EDA System functionality is assumed to include:
 TMA metered arrival scheduling and delay feedback, asin the Baseline case.

! FFP1 metering is done to a one-minute precision (approximately 5-6 nm). EDA precision is targetting an error of
severa seconds, as required to support EDA development of realistic conflict-free maneuver advisories.
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» EDA Arrival Metering assists controllersin efficiently planning and executing atraffic
delay strategy to conform to the TMA schedule by allowing the controller to quickly and
accurately assess the impact of various delay methods. The resulting EDA maneuver advisories
provide conflict-free, fuel-efficient aircraft clearance advisoriesto meet the TMA schedule. In
order to generate maneuver advisories that result in conflict-free trgjectories, the EDA tool
includes a built-in conflict prediction/resolution capability, which also assists controllersin
accommodating user-requested arrival preferences, such as direct routes.

» Conflict Probe Tool with both detection and trial planning capabilities. The integration of
the resulting flow-rate conformance flight changes with the conflict probe tool improves
conflict probe intent performance, reducing false and missed alert rates.

* pPFAST TRACON sequencing and scheduling assistance, as in the Baseline case.

EDA System with Data Exchange

Additionaly, the benefits summary includes a case where the EDA system is augmented with user-
ATM data exchange. Although this caseis not explicitly modeled in this report, some estimates of
EDA data exchange benefit enhancements are included, based on reference [8]. CTAS is designed
with the long-term goal of integrating ATM-flight deck automation systems, including the aircraft
Flight Management System (FMS). Indeed, the usefulness of data exchange rests on advanced
ATM DSTs, which can utilize higher accuracy input data and incorporate detailed user preferences
within their complex agorithms where prior cognitive processes would be overloaded. Near-term
benefits of data exchange include enhanced ATM surveillance and estimation of aircraft intent,
augmenting and/or increasing the accuracy of currently available data. The integration provided by
data exchanges will improve the accuracy of ATM and user trgjectory prediction models, allow
ATM to receive and accommodate user preferences, improve ATM and pilot workload, and allow
more informed collaborative decision making among the airspace usersand ATM [9]. For this
effort, the following set of near-term data parameters are assumed to be exchanged in the “EDA
with Data Exchange” case:

*  Wind/Temperatur e-Airborne wind/temperature measurements are used to upgrade weather
forecasts, while dissemination provides acommon weather forecast for ATM-FMS and airline
operations control (AOC) trgectory modeling.

» Aircraft Weight and Thrust/Drag Coefficients—Flight-specific information critical to
DST modeling of climb/descent flight profiles.

» Arrival/Departure Speed | ntent—Flight-specific intended Mach/CAS climb/descent speed
profiles provides a user trgjectory preference that improves DST trgectory prediction. When
flights areinterrupted, DST's can attempt to accommodate this user speed preference.

* Next Two Waypoints-Waypoint intent (names, and/or locations) improves DST trajectory
predictions when flight clearances off the filed flight plan are not recorded as flight plan
amendments in the ARTCC computer.

It should be noted that this data set does not address future EDA data exchange enhancements that
will facilitate advanced concepts, such as four-dimensional (4D) user-ATM tragjectory negotiation.

Potential EDA Benefit Mechanisms

Previous and ongoing research has identified potential benefits expected under the CTAS En Route
Descent Advisor (EDA) tools[10-29]. The identified range of EDA benefit mechanisms, limited to
those occurring within the Center airspace environment, is summarized with references to relevant
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research efforts. The mechanisms are first described in terms of the key underlying DST
performance improvements, followed by the specific user and controller benefit mechanisms.
Finally, benefits of augmenting EDA with data exchange are noted. The particular benefit

mechanisms evaluated, at least in part, within this report are noted with a checkmark (v). Note that
the included data exchange benefits, are summarized from asimilar NASA AATT report compiling
En Route Data Exchange (EDX) benefits [8]:

EDA DST Performance Benefits

Vv

Improved Arrival Trajectory Prediction — EDA-calculated maneuver advisories for
arrival aircraft, given to pilots by controllers, reduces the adherence and actuation of TOD
placement and descent speed adherence. With pilot and ATM targeting the common EDA

descent profile, the trgjectory prediction accuracy of descending aircraft will improve. Asa
result, improved arrival predictions of both time and position will be available to support all
CTASDST functions. These improvements will afford increased performancein CTAS
sequencing and scheduling algorithms, more accuracy in the conflict probe tool, and improved
clearance advisories to resolve schedule and traffic conflicts. Indeed, observations of flights
during the 1997 CTAS TMA prototype field test identified a significant reduction in the arrival
metering fix delivery error with TMA over Baseline operations[10]. Further reduction of the
delivery error is expected with EDA trgjectory prediction enhancement. [11-12]

Improved Metered Arrival Flight Intent — Integration of metering conformance flight
changes with other DST functions will improve CTAS trgjectory prediction accuracy. In EDA,
ATM-cleared flight changes made to meet metering constraints will automatically enhance flight
plan intent for other DST functions, such as conflict probe to ensure separation assurance. [11-
12]

EDA User Benefits

v

Increased Airport Throughput — Reduced runway threshold separations (in excess of
minimumes) are expected from EDA as aresult of improved arrival metering fix delivery
accuracy. The reduced variance in arrival metering fix crossing times |leads to reduced runway
gaps with associated airport throughput increased and aircraft delay and delay propagation
reduction, especially during rush periods. [13-14]

Improved Center/TRACON Delay Distribution — Reduced variance in EDA arrival
metering fix delivery accuracy resultsin arrival flight efficiency benefits due to the ability to
absorb delay more efficiently in Center airspace while still maintaining agiven TRACON entry
rate. Thelarge TRACON delay, currently needed to absorb variability in arrival metering fix
crossing time variability, can be reduced under EDA. [13, 15]

Improved Metering Conformance Efficiency — Metering conformance actions delay
arrival aircraft to meet airport capacity constraints. Inefficient actions may result in both excess
fuel and time costs. EDA is designed to improve the fuel efficiency of these clearancesin
absorbing the required delay to meet the CTAS arrival metering fix crossing schedule. EDA
maneuver advisories assist controllersin formulating and executing atraffic delay strategy to
meet arrival metering fix crossing schedule. EDA allows controllersto quickly and accurately
assess the impact of various delay strategies, and more effectively use fuel-efficient strategies,
such as speed control. [11-12,16]

Improved Separation Assurance Interruptions — CTAS relies on accurate predictions
of flight trgjectories within its conflict probe tool to accurately identify the location and nature
of potential separation assurance violations. With more accurate EDA arriva intent (metering

advisories and intent inputs) ATM would less frequently perceive aircraft to be incorrectly or

out of conflict (missed and false derts), resulting in fewer ATM flight interventions and
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associated resolution fuel penalties. Additionally, improved traffic conflict prediction will
include more accurate estimation of conflict geometry and speeds, leading to more efficient
resolution maneuvers. [11-12,17]

Arrival Trajectory Optimization — CTAS EDA is designed to allow both horizontal and
vertica trgectory optimization of arriva flight trajectories. All these trgjectory optimization
mechanisms provide more fuel-efficient arrival. [17-20]

TOD Optimization — EDA improves aflight’s vertical descent profile by moving itstop of
descent (TOD) location further downstream, minimizing flight time at less efficient, lower
altitudes. The bottom of descent (BOD) is constrained to coincides with the airport’s
existing arrival metering fixes.

User Preferred Routing — EDA facilitates flow-rate conformance, independent of path (i.e.,
ATM preferred routing, such as STARS). This allows user-preferred routing to be
extended through the arrival metering fix (terminal area) within reasonable “ arrival-path”
corridors.

Relaxed Static Metering Fix Restrictions — Accurate EDA metering conformance allows
ATM to relax current conservative, static, restrictions at the arrival metering fix (TRACON
entry).

Vertical Anchor Point — EDA improves aflight’s vertical descent profile by moving the
bottom of descent (BOD) (i.e. the vertical anchor point) downstream of the current
metering fix location. Using this vertical anchor point as the new BOD enables aircraft to
spend more time at the more fuel-efficient higher altitudes.

Horizontal Anchor Point — EDA improves the horizontal arriva trgectory by moving the
current metering fix, the aircraft point of entry into the TRACON, along the Center-
TRACON boundary, enabling a more direct route to the runway. Aircraft-specific anchor
points can be defined to accommodate various aircraft arrival paths and runways.

EDA Controller Benefits

Easier Controller Clearance Development — EDA automation assists controllersin
formulating and executing conflict-free flo-rate conformance plans. EDA generates clearance
advisories to resolve problems via speed, altitude, or heading changes, subject to controller
confirmation. EDA reduces controller workload by helping controllers identify resolution
strategies as well as devel op specific clearance instructions. [23-24]

Reduced False/Missed Conflict Alert — The improved EDA arrival trajectory prediction
and integration of flow-rate conformance flight intent changes with conflict detection and

resol ution functions enables improved conflict probe performance. With more accurate EDA
arrival trgjectory predictions the conflict probe would less frequently perceive incorrect aircraft
conflicts, reducing controller workload by providing conflict alerts at an earlier time (averting
missed aerts) and avoiding unnecessary deviations (averting false alerts). [11-12]

Improved Controller Workload Distribution — By enabling more path-independent
routes and pushing ATM flow-restriction control points downstream, the EDA enables amore
equitable distribution of controller workload across sectors and limits the pass-back of flow-
restrictions to upstream facilities. This may also increase sector capacity in current bottleneck
traffic sectors. [21-22]

Reduced Corrective Clearances — EDA advisories, calculated from high-fidelity aircraft
trgjectory models, are expected to more accurately resolve traffic situations such as metering
conformance, flow-rate conformance, and separation assurance than possible today using
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controller cognitive processes. Asaresult, the EDA advisories reduce the need for additional
corrective clearances, at a shorter time horizon, in order to resolve inaccuracies in meeting the
crossing time or separation constraint with theinitial clearance. [10]

EDA-Data Link Benefits

v

Data Calibration of EDA Functions - Augmenting EDA-based en route operations with
en route calibration data will enhance CTAS trajectory prediction algorithms enhancing al of
the EDA benefit mechanisms discussed previously. Calibration data, as discussed in reference
[8], includes aircraft weight, wind/temperature, aircraft thrust/drag coefficients, runway
threshold crossing speed intent, and climb/descent speed intent. User benefits of calibration
include more accurate and efficient metering and reduced separation assurance deviations.
Controller benefits include less workload with reduced false and missed conflict alerts and
reduced need for corrective clearances.[8, 25]

FMS-EDA Descents Profile Negotiation — En route trgjectory negotiation can benefit
users through enhanced fuel-efficiency and user flexibility of aircraft descents, by replacing
EDA descent advisories with user-preferred trg ectories during metering conditions. This
mechanism implies arequired time of arrival (RTA)-capable FM S to downlink its preferred
speed profileto meet an ATM uplinked arrival metering fix crossing time. Longer-term data-
exchange concepts could enable the negotiation of user preferred trgectories. [8, 25-29]

Uplink of Trajectory Constraints — Asin en route trajectory negotiation, uplink of
specific airspace constraints can alow accommodation of user-preferred descent advisors
during metering conditions. However, rather than negotiating specific 4D trajectories, EDA
would uplink to equipped aircraft, specific airspace constraints (e.g. at/above dtitude, at/before
or RTA timerestrictions). Users would benefit from user flexibility and limiting deviations,
while controller workload is reduced through more appropriate strategic clearances that can
employ data link auto-load capabilities.[8, 25]

Improved Clearance Delivery with Datalink — EDA and data link can provide controller
benefits by facilitating clearance development and delivery. EDA alone provides advisoriesto
facilitate the development of likely clearances. Datalink enhances the clearance process by
auto-loading the EDA advisory, once confirmed by the controller, into a CPDL C message that
can be sent to the pilot with asingle keystroke. [23-25]

Automatic Flight Intent Update - Because the EDA-developed CPDLC clearance
messages advising speed, dtitude or heading changes are recorded and made available to all
DST functions, the data link clearance procedure enhances DST knowledge of current aircraft
trgjectory intent, with associated benefitsin controller workload and user separation deviations.
[6, 25]

Analysis Process Overview

In general, the EDA benefit analyses methodology included in this and past studies employed the
approach shown in Figure S.1. The process quantifies how improved DST calculationsand ATM
advisories leads to changesin ATM operations that are modeled over atypica day at one (or more)
airport(s), to provide a basis for annual and NAS-wide benefit estimation. It employs four primary
analysis steps:

1.

Technology Definitions for each case are defined by associated parametric accuracy values
and their improvements due to application of the technology. Statistical valuesfor various
parameters used to define the accuracy, or stochastic nature, of an aircraft trgjectory are used.
These values indicate, for each case, the estimated accuracy of DST trajectory predictions
relative to the nominal tragjectory followed.




2.

3.
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A Trajectory Prediction Accuracy Model, based on Monte-Carlo simulation, uses these
statistical parametric valuesto calculate DST expected timing and position errors for aircraft
crossing key en route waypoints. These timing and position errors can be used in a conflict
probe model and/or converted into excess spacing buffers, that would be used in ATM DSTs
or imposed by air traffic controllers to protect against separation minima violations.

An Air Traffic Operations Simulation, typically over a day or rush period, combines the
scenarios, parameters, and spacings defined for Baseline and EDA cases, with atraffic
scenario and ATM operating procedures. The simulation computes measures of the DST
improvements to scheduling/airport capacity, conflict probe flight interruptions, and overall
flight fuel-efficiency.

Economic models are then used to convert the measured/simulated ATM performance
improvementsinto user direct operating cost savings (time and fuel), which are extrapolated to
annual and NAS-wide levels. It isimportant to note that not all benefits can be captured in
direct operating cost metrics.

The specific methodology employed by each benefit mechanism assessed in this report is discussed

in more detail in the following chapters.
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Figure S.1 EDA Study Analysis Process

Results Summary

Table S.1 summarizes the annual EDA benefits estimates found in this study for a cumulative set of
37 Airports.? This set was chosen to represent high-demand NAS airports, including FAA Free
Flight Phase 1(FFP1) and Phase 2 deployment locations. Each row identifies the specific EDA
benefit mechanisms, while each column identifies the estimates relevant to the five AATT benefit
metric categories. The table identifies the benefits of EDA aone (EDA) as well as the additional
benefits of EDA with en route data exchange (+EDX), as defined earlier. The data exchange
benefits are summarized from Reference [8], while further details of the listed EDA benefit
mechanisms can be found in later chapters of thisreport: Chapter 1 Airport Throughput Benefits,

2ATL, BDL, BNA, BOS, BWI, CLE, CLT, CVG, DCA, DEN, DFW, DTW, EWR, FLL, HOU, IAD, IAH, JFK,
LAS, LAX, LGA, MCO, MDW, MEM, MIA, MSP, OAK, ORD, PDX, PHL, PHX, PIT, SAN, SEA, SFO,
SLC, STL
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Chapter 2 Center/TRACON Delay Distribution Benefits, Chapter 3 Metering Conformance
Efficiency Benefits, Chapter 4 Separation Assurance Interruption Benefits, and Chapter 5
Tragectory Optimization Benefits. Qualitative information is provided in the table to note other
EDA benefits too difficult to quantify or not assessed to date. Quantitative benefits are given for
alternate metrics including time (minutes), fud (Ibs), and cost ($). Cost estimates assume aircraft
and airline crew and maintenance time rates, shown in Appendix C, and avalue of $0.10 per Ib for
fuel. Fuel conservation isimportant, since fuel is a non-renewable resource and prices are subject
to significant political forces. Note that for the metering conformance and trgjectory optimization
mechanisms, EDA advisoriesimply optimal maneuvers, which may require data exchange in order
to realize the full benefits. Shaded regions are assumed to encompass the key benefits of EDA,
although many are not quantified to date.

Critical among these qualitatively described benefits is the impact on workload and safety. Safety
is enhanced due to enhanced surveillance under improved EDA metered arriva trgectory prediction
capabilities. Controller workload is lessened by EDA assistance in strategic planning to meet the
dual objectives of separation assurance and compliance with flow-rate restrictions. EDA maneuver
advisories embody an efficient inter-sector approach to these restrictions, enabling more efficient
controller strategy and clearance devel opment. By assisting controllers in the formulation of
problem-resolution strategies and clearance details, EDA reduces controller workload. Indeed, in
early testing of EDA integration with Controller-Pilot Data Link Clearances (CPDLC) where EDA
maneuver advisories were auto-loaded into CPDL C messages for uplink, the EDA metering
advisories identified the controller-preferred type of clearance (route, atitude, speed changes) two-
thirds of the time, with the clearance details (e.g. speed values, chosen altitude) acceptable without
modification three-fourths of the time (see Table S.1 footnote 3) [23-24].

Additionally, the EDA dtrategy is designed with a“trgjectory” orientation that enables more path-
independent routes. Thiswill improve the workload distribution among sectors upstream of a
flow-rate restriction. With path-independent routes, controllers no longer have to channel flights
into acommon merged path to orchestrate the desired flow-rate. The ability to provide a strategy
independent of airspace boundaries, may provide more efficient flights and airspace capacity, as
demonstrated by the EDA enabled anchor point concept, relaxing current metering fix restrictions.
Thistrajectory orientation will facilitate user flexibility and distributed air-ground traffic
management decision-making when EDA is augmented with data exchange.

Additionally, the use of a high-fidelity trajectory model within the DST to develop the EDA
maneuver advisoriesimproves their accuracy over cognitively-developed maneuvers, reducing the
need for additional corrective interruptions closer to the restriction.

Finally, the improved metered arrival prediction and integration of flow-rate conformance flight
changes with conflict probe functions, greatly reduces the probability of missed or nuisance (false)
conflict aerts. Indeed, the separation assurance analysis identifies a 20-30 percent reduction in the
number of missed (MA) and false (FA) conflict aerts under EDA, with an overall conflict alert
reduction of 5 percent (see Table S.1 footnote 9).

Of the $290M NAS-wide annua quantified EDA benefits, the largest estimate results from the
trajectory optimization mechanisms, saving $85M annually under existing restrictions (90% from
TOD optimization) and $88M annually when restrictions are lifted (67% from vertical anchor
point). EDA fine tuning of descent profiles under existing metering fix restrictions, especialy the
replacement of current early descents with optimal idle descent profiles, appear very beneficial
despite the smplified analysis approach. Likewise under the future anchor point mechanism, EDA
arrival metering accuracy enables large savings with the relaxation of conservative static restrictions
on TRACON entry (position and atitude). The next largest EDA benefit estimates result from the
related mechanisms of airport throughput and Center/TRACON delay distribution, saving over
$40M each per year. Improved EDA arrival metering fix delivery accuracy enablesimproved
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TRACON merging, with resulting airport throughput and delay savings. Additionally, the
smoother downstream operations require less front-loading of the TRACON,? enabling delay to be
absorbed more efficiently in the upstream ARTCC airspace. (It should be noted that despite a small
average delay savings of less than one minute per rush arrival under EDA, the significant value of
time, relative to fuel, resulted in large benefits for this mechanism. Airport throughput is the only
EDA mechanism to include time savings, which represents two-thirds of the airport throughput
benefit.) The next largest benefits estimate results from improved ATM clearance or flight
interruptions for metering conformance, saving $25M annually. The more efficient metering
operations stem from EDA high-fidelity calculation of delay absorption strategies. Finaly,
improved separation assurance interruptions saves $2M. Despite the significant reductionsin false
and missed alert rates with EDA integration of metering conformance flight changes with the
conflict probe, the low average cost for these interruptions ($1-$3 resolution costs) leads to low
user cost benefits. However, the un-quantified controller benefits of this mechanism are
significant.

It should be noted that due to the many assumptions, varying levels of analysis fidelity, and lack of
detailed technical and operational assessment of these study cases and benefit mechanisms, these
benefits assessments should be used as engineering estimates. These estimates should be validated
and improved through further study, ongoing experimental results, and maturation of the EDA
concept capabilities. Specific recommendations to improve the analyses are included in the final
chapter of the report.

3 Current operations front-load the TRACON during rush periods, which entails pushing several minutes of the total
flight delay into the TRACON (e.g. longer final approach flight segments) in order to address metering fix delivery
and other flight uncertainties.
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Table S.1 NAS Annual EDA Benéefits
37-Airport Annual Benefits AATT Benefit Categories
($) S == ox y
2 = g2 24 2 >
suy | 23 B2 SZ- 28§ 3
Case L S 28 £ 2
. . o x = w
Benefit Mechanism S ray e
H 5 uc
Airport Throughput EDA (5) 42553 hrs  Emissions(4) (5)
$0.7M Reduced
+EDX ®) 6.80 hrs  Emissions(4) ©)
SA7TM Reduced
C_entgr/TRACON Delay EDA (11) it a )
Distribution 4& Mlbs
.OM Reduced
+EDX | 6oMibs Emissions(4)
ATM Metering Conformance EDA $%i'11)M Strategic ~ Future (1) Reduced
Interruptions $251 Mlbs Planning (3) Emissions(4)
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; i i 7 At $84.7M Arrival Strategic Reduced
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Note: Data Exchange (EDX) benefits are pulled from a previous study [8].
ATM En Route Flow-Conformance Interruptions are preliminary estimates from a concurrent study [22].

(1)
(2
©)

Potential en route throughput benefit with improved metering/flow-conformance strategy.
Includes ARR-ARR benefits with metering conformance flight change intent integration with conflict probe
Additionally, auto-loading EDA advisories into CPDLC messages for uplink will reduce workload and allow intent to be

recorded without additional effort. Indeed, in an EDA-CPDLC integration study, 66% of EDA advisories included the
preferred controller strategy (speed, atitude, heading), and of these, 75% required no manual modification [23-24].

4
5
(6

Reduced emissions from improved fuel efficiency and/or delay reduction.
Improved EDA arrival fix delivery accuracy facilitates downstream TRACON merging operations.
Combines two near-term trajectory optimization mechanisms, assumed to improve rush arrival operations only. TOD

optimization and direct arrival comprise 45 % and 55% of the total benefit, respectively.

™

horizontal anchor point concepts comprise 67% and 33% of the total benefit, respectively.

®
C)

Data link may be required to enable the future trajectory optimization anchor point concept.
EDA integration improves number of conflict probe missed alerts (MA) by 30% and false alerts (FA) by 21%.

Combines two far-term tragjectory optimization mechanisms, assumed to improve ALL arrival operations. Vertical and

(10) EDX FMS Speed Profile negotiation. Additional benefits would be expected with more accurate EDA metering
conformance maneuver advisories
(11) Represents benefits of EDA-STAR case, slightly more benefits available with EDA-Direct Arrivals case (see Chap. 3

and 4).
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1. Airport Throughput Benefits

Air Traffic Management automation tools rely on accurate predictions of flight trgectoriesto derive
terminal area arrival and departure sequences and schedules. In the en route environment, this
scheduling process can be evaluated by the ability of ATM to consistently deliver flightsto the
arrival metering fixes as scheduled. EDA trajectory prediction enhancement resultsin increased
DST schedule integrity, increased efficiency of controller clearances to meet the schedule and
subsequent enhanced arrival metering fix delivery accuracy, and thus provides a smoother traffic
stream for downstream operations.

A key scheduling benefit of improved trgjectory prediction isthe ability to increase airport
throughput by tightening runway threshold in-trail spacing at the same level of safety. This occurs
because more accurate metering fix schedule adherence at the Center/TRACON boundary, leads to
improved TRACON scheduling integrity and flight efficiency, which allows less excess spacing
(above the required separation minima) at the runway threshold. A related mechanism, addressed
in the next chapter, allows a more fuel-efficient alocation of delay between the Center and
TRACON because of the improved metering fix schedule adherence. Due to delay propagation
during rush periods, small savingsinindividual aircraft pair separation at the runway threshold
leads to large decreasesin delay. Because user time costs per minute are significantly larger than
fuelburn per minute, implementing spacing buffer reduction can reduce delay time leading to
significant user benefits [13-14].

Specifically, this benefit mechanism concerns the reduction in spacing gaps between aircraft on
final approach, thereby producing a higher airport runway system throughput. EDA is expected to
enabl e this mechanism by improving arrival scheduling operations, which assist controllersin
delivering aircraft to the Center/TRACON metering fixes in accordance with the CTAS crossing
schedule. Reference [ 10] discusses EDA improvement of arrival tragjectory prediction and the
resulting metering fix schedule, based on prototype EDA operations at DFW. In references[13-
14] the associated EDA benefits of reduced spacing buffers leading to improved runway
throughput and airport capacity was estimated. Since then, additional field evaluations and analysis
have lead to improved estimates of EDA trajectory prediction accuracy that were used hereto
update the results of the previous studies

Analysis Process

The benefits methodology process employed in previous research [13-14] and updated here,
includes a sequence of analytical formulations and computer-based modelings which follows the
Figure S-1 approach (and numbering) presented in the introduction summary section. Baseline and
EDA-defined data parameter accuracies (1) are used in the Trajectory Prediction Accuracy Model
(2) to calculate the expected dtatistical timing error in CTAS' prediction of when the aircraft will
cross the meter fix (MF) and runway threshold waypoints. This MF timing error is then converted
into excess spacing buffers, which would be imposed by air traffic controllersto limit separation
minimaviolations. These aircraft spacings, defined for Baseline and EDA cases, are then combined
with airport daily traffic schedule in arunway system demand and capacity model (3). The
resulting delay savings from the EDA cases at 29 airports are then converted to user direct
operating cost savings (time and fuel) and extrapolated to annual and NAS-wide levels (4). These
model components are discussed in more depth with the analysis results in the next section. (Itis
again noted that a higher-fidelity Integrated Air Traffic (IAT) model has been devel oped to evaluate
ATM scheduling DSTs. Use of this model to update the analysis would improve the confidence
and accuracy of the resulting EDA airport throughput benefit estimates.)

Trajectory Parameter Accuracies

The Baseline and EDA operational cases are described in terms of values of statistical parameters
that contribute to DST aircraft trajectory prediction accuracy. These parametric values, shown in

12
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Table 1.1, represent stochastic distributions, which quantitatively describe the accuracy of each
contributing parameter. The parameters used in the model have been calibrated and adjusted to
reflect the findings of recent CTAS prototype field tests [10].

Trajectory Accuracy and Traffic Spacing Modeling

Air traffic controllers impose an intentional spacing buffer added to the minimum spacing between
adjacent aircraft. This buffer servesin part to assure that separation minimaare not violated
because of trgjectory uncertainties. Much of this excess spacing is generated because of
uncertainty in the delivery of arriva aircraft at the inbound metering fixes. A schedule of aircraft
crossing times at each fix is set by the CTAS-based ATM process according to aTRACON
airspace and runway system utilization rate. However, deviations from the metering fix crossing
schedule due to timing delivery inaccuracies require subsequent trgjectory adjustments by the
TRACON ATM operation to prevent violations of separation minimaand, to the extent possible,
eliminate extraneous gaps at downstream merge points and the runway threshold.

The reduction in trgjectory uncertainty due to EDA, relative to the Baseline, would result in a
reduction in the size of the excess spacing buffer needed to compensate for trgectory variances.
The smaller buffer would reduce the spacing applied between successive aircraft as shown in
Figure 1.1, thereby increasing the throughput of the runway system. The increased throughput
would reduce delays experienced by aircraft when demand approaches or exceeds the capacity of
the runway system. These reduced delays result in reduced fuel and time costs incurred by aircraft
operators. Reduced delays aso support the integrity of the airline schedule of connecting flights.

Acceptable Controller Spacing

Reduced y»
Buffer J// \

. Minimum Separation .+~
} | Requirement |

Figure 1.1 Reduced Excess Spacing with Improved Trajectory Prediction Accuracy

>
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Table 1.1 Assumed Trajectory Accuracy Parameters

Standard Deviation

Parameter Units Mean FFP1 Baseline
Center

Initial Weight % 0 7.8
Aerodynamic Drag % 0 59
TOD Placement nm O 20
Spd Adherence (CAS)  kt 0 15
X-Track Wander nm 0 0.14
Aircraft Nav. Bias  deg. 0 0.15
Turn Dynamics sec O 2.3
Wind Forecast kt 0 12
Temp. Forecast °C 0 1
Surveillance kt 0 13.1

TRACON (pFAST)
Final Advisory sec O 9.75
Turn variation sec 35 7.0
Deceleration % 0.52 0.120
Descent rate ft/mi 1440 160

n
Speed adherence kt 4.0
Wind forecast kt 4.7
Tracker kt 3.5
AFAST Optimal Rwy sec 2.3 No
Balancing/Sequencin
Final Approach (pFAST)

Outer Marker Speed  kt O 5.0
Threshold Speed kt O 9.0
Headwind kt O 4.7
Decel delay time sec O 12

EDA

7.8
5.9
0.25

0.14
0.15
2.3
12

131

9.75
7.0
0.120
160

4.0
4.7
35
No

5.0
9.0
4.7

12

The accuracy with which trgjectories can be predicted is estimated using computer simulation,
closed-form analytical solutions, and a combination of the two, as appropriate, for each phase of
flight. The nominal simulated trajectories, from arrival metering fix to runway threshold, are
shown in Figure 1.2; these represent atypical set of approach paths not specific to any one airport.
A more extensive discussion of the assumed parameter uncertainties and the trajectory accuracy
modeling are included in Chapter 4 and References [12-13]. (Note that simulating the specific
STAR routes could generate more accurate results and approach paths nominally used at each of

the subject airports.)
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Figure 1.2 Arrival Trajectory Prediction Accuracy Simulation

The parameter accuracy distributions, defined for each operational casein Table 1.1, areinputsto
the trgectory modeling process. The outputs, shown in Table 1.2, are the arrival metering fix
uncertainty (see Appendix A) and the resulting runway threshold excess spacing buffer
contribution. Although only the Center spacing contribution improves under EDA, the TRACON
and Final Approach buffer contributions are also provided to gauge of the relative importance of
the various contributions. The contributions are combined using Equation (1.1), with the Center
contribution to the runway buffer () derived from the metering fix delivery accuracy per
Reference [15]:

Runway Excess Spacing Buffer = Y . [/, .03

(1.1)

The runway spacing buffers, using Equation (1.1) with the Table 1.2 contributions are given in
matrix formin Table 1.3, as afunction of the various leading/trailing wei ght-dependent aircraft
minimum spacing combinations. Note that the Center model metering fix delivery uncertainty
values (assuming a 15-minute descent) were calibrated to match findings of TMA [30] and EDA
[10] prototype operations at DFW, as discussed in Appendix A.

Table1.2 Assumed Arrival Trajectory Prediction Accuracy

Units EFP1 Baseline EDA
Center
MF uncertainty (Owe) Sec 86.1 (1) 17.9(2)
TH Excess Spacing Sec 0.72 0.07

Contribution
TRACON (pFAST)

OM pairwise spacing Sec 2253 22.53
Final Approach (pFAST)

Final Approach TH Sec 11.31 11.31

Equivalent Buffer

Contribution (DFW)

(1) Calibrated to approximate 90 second (1-sigma) metering fix delivery error of TMA prototype field tests[30].
(2) Calibrated to approximate 15-20 second (1-sigma) metering fix delivery error of EDA prototype field tests [10].
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Table 1.3 Arrival Runway Threshold Excess Spacing Buffer (sec)

FFP1 Baseline EDA
Trailing Aircraft Trailing Aircraft

Lead a/c: | Small | Large | Heavy | Small | Large | Heavy
Small 2591 | 2554 | 2528 | 25.25 | 24.89 | 24.62
Large 2727 | 2549 | 25.04 | 26.62 | 24.84 | 24.38
Heavy 28.87 | 27.38 | 25,55 | 28.22 | 26.73 | 24.90

Table 1.4 givesthe airport-specific fleet-weighted equivalent runway buffers estimated for each
study case and each of the subject airports. The buffers of Table 1.4 are applied as additions to the
FAA runway spacing minimaof Table 1.5.

Table 1.4 Equivalent Threshold Excess Spacing Buffers

Equivalent Threshold Excess
Spacing Buffer (sec)
Airport FFP1 Baseline EDA
Atlanta (ATL) 25.79 25.14
Nashville (BNA) 26.03 25.37
Boston (BOS) 26.11 25.46
Batimore (BWI) 25.89 25.24
Charlotte (CLT) 25.96 25.31
Cincinnati (CVG) 25.73 25.08
Washington National (DCA) 25.93 25.28
Denver (DEN) 26.01 25.36
Dallas— Ft. Worth (DFW) 25.77 25.12
Detroit (DTW) 26.04 25.39
Newark (EWR) 25.85 25.20
Washington Dulles (IAD) 26.20 25.54
Houston — Intercontinental (IAH) 25.74 25.09
N.Y. Kennedy (JFK) 26.00 25.35
LasVegas(LAS) 26.06 2541
LosAngdes (LAX) 26.19 25.54
N.Y. LaGuardia (LGA) 25.86 25.20
Orlando (MCO) 26.07 25.42
Memphis (MEM) 26.07 25.42
Miami (MIA) 26.10 25.45
Minneapolis (MSP) 26.14 25.49
Chicago O’'Hare (ORD) 25.80 25.15
Philadel phia (PHL) 25.99 25.34
Phoenix (PHX) 26.07 25.42
Pittsburgh (PIT) 26.01 25.35
Sesttle (SEA) 26.03 25.37
San Francisco (SFO) 26.06 2541
Salt Lake City (SLC) 26.03 25.38
St. Louis (STL) 25.86 25.21
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Table1.5 FAA Minimum Separation

FAA Minima (hm/sec)
Trailing Aircraft

Lead a/c: | Small Large Small

Small 2.5/75 2.5/72 2.5/67
Large 4.0/120 2.5/72 2.5/67
Heavy 6.0/180 | 5.0/144 | 4.0/107

Runway System Demand and Capacity Model

A computer smulation model is used to evaluate airport throughput and determine traffic delay
using the excess spacing buffer data and minimum separation requirements as input. Twenty-nine
study airports were individually modeled over asingle typical daily traffic schedule. The model
incorporates data describing time-varying daily schedules for various types of commercial, genera
aviation and military aircraft and detailed configurations of the magjor domestic airports for
instrument flight rules (IFR) and visua flight rules (VFR). Runway spacing parameters describing
separation procedures for the IFR and VFR runway configurations at each of the airports are
adjusted to enable comparison of the Basdline and EDA scenarios. The DFW modeled runway
configurations is shown in Figure 1.3, with other airport configurations described in Appendix C.

Although the daily traffic schedule used in this analysis differs from that employed in the other
benefits eval uations, cross-comparable results are achieved by extrapolating the daily per operation
savings results to annual airport activity levels consistent with the other studies.

\ ff_

Closely-spaced Parallel Rwys

Arriva-Arriva
Arrival-Departure
Departure-Arrival 31R

Departure-Departure
ep ep L
SingleRwys (1R _3BR _311) U L

Arrival-Arrival 36R A
Departure-Departure 34 35C

Figure 1.3 Average Airport Delay as a Function of Runway Excess Spacing
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The modeling of each airport resulted in delays of four categories as afunction of the input runway
spacing buffer, as shown in Figure 1.4. The four delay categoriesinclude:

Instrument Flight Rules (IFR) Arrival Delay
Visua Flight Rules (VFR) Arrival Delay
|FR Departure Delay

VFR Departure Delay

IFR delays were averaged over amorning |FR period from 7-10 am, weighted by the historical
persistence of IMC at each airport. VFR delays reflect the average delay over the remaining VFR
period. Figure 1.4 shows how delays (y-axis) decline at each airport with areduction in the
runway threshold excess spacing buffer (x-axis). Using the Figure 1.4 simulation results and the
equivalent spacing buffers of Table 1.3, delay estimatesin each category were identified for the
Baseline and EDA systems. Assuming an even split of arrivals and departures and historical share
of instrument meteorological conditions (IMC) (see Appendix C), the four delay categories are
combined and summarized, as shown in Table 1.6.
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Table 1.6 EDA Delay Savings
EDA Average Delay Savings

Airport

Atlanta(ATL)

Nashville (BNA)

Boston (BOS)

Batimore (BWI)

Charlotte (CLT)
Cincinnati (CVG)
Washington National (DCA)
Denver (DEN)

Dallas — Ft. Worth (DFW)
Detroit (DTW)

Newark (EWR)
Washington Dulles (IAD)

Houston — Intercontinental (I1AH)

N.Y. Kennedy (JFK)
LasVegas (LAS)
LosAngeles (LAX)
N.Y. LaGuardia(LGA)
Orlando (MCO)
Memphis (MEM)
Miami (MIA)
Minneapolis (MSP)
Chicago O'Hare (ORD)
Philadelphia (PHL)
Phoenix (PHX)
Pittsburgh (PIT)
Sesttle (SEA)

San Francisco (SFO)
Salt Lake City (SLC)
St. Louis (STL)

Dep
0.14
0.01
0.25
0.07
0.02
0.00
0.08
0.02
0.08
0.03
0.17
0.00
0.01
0.00
0.17
0.20
0.12
0.00
0.01
0.04
0.21
0.00
0.01
0.00
0.02
0.13
0.10
0.00
0.13

(minutes/operation)

En Route Descent Advisor Benefits

C VMC Airport
A Dep Amr  Average
0.13 0.00 0.23 0.12
0.03 0.00 0.01 0.01
020 026 024 0.24
0.09 0.03 0.10 0.07
0.07 0.04 0.08 0.06
0.00 0.00 0.05 0.03
0.07 0.02 0.02 0.03
0.04 0.00 0.01 0.01
0.10 0.00 0.02 0.02
0.09 0.01 0.09 0.05
0.19 0.01 0.01 0.04
0.14 0.01 0.03 0.03
0.09 0.04 0.05 0.05
0.01 0.03 0.03 0.03
0.17 0.00 0.00 0.00
0.19 0.00 047 0.22
0.13 107 1.07 091
0.00 0.00 0.00 0.00
0.10 0.00 0.05 0.03
0.06 0.08 0.07 0.08
032 013 0.15 0.5
0.00 0.17 026 0.18
0.01 0.00 0.14 0.06
0.18 0.00 047 024
0.02 0.00 0.11 0.05
0.16 0.00 0.00 0.03
0.08 0.17 0.16 0.15
0.02 0.00 0.02 0.01
0.06 0.09 0.22 0.15
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Economic Analysis

The daily traffic delay data are extrapolated to annual cost savings by airport using detailed
aircraft operating costs and airport traffic and meteorological factors. Calculation of
potential annual delay cost savings follows Equation (1.2):

Annual Savings = (Annual Ops) x (Average Delay Savings per Op) x (Delay Cost Rate)  (1.2)

where: Annual Ops = Annual airport operations (IMC & VMC) (Appendix B)
Average Delay Savings Per Op = Average delay savings per airport operation (min) (Table 1.5)
Delay Cost Rate = Fleet-weighted flight cost ($/min) (departure & arrival rates) (Appendix C)
This formulation is evaluated for four operation types:

IFR Arrivals & Departures - Accounting for historic airport-specific persistence and occurrence of IMC.
VFR Arrivals & Departures - Accounting for historic airport-specific occurrence of VMC.

This general formulaisfollowed for EDA, relative to the Basdline case, at each of the
airports under study. Equation (1.2) delay data, for each of the four operation types, are
found in Table 1.5 and aircraft cost rates and annual traffic levels are identified in
Appendices. Aircraft direct operating cost rates including crew, maintenance, oil, and fuel
costs and are evaluated as an airport fleet-wide average. Departure fuel costs are lessas
departure delays are assumed to be held on the ground, rather than the airborne holding of
arrivals. Per Operation delay savings for the eight airports not simulated was assumed
equivalent to the closest simulated airport, based on FAA delay data[31], also included in
Appendix B. Table 1.7 and Figure 1.5 identify the 1996 estimated annual cost savings (in
1998 dollars) due to EDA for the 37 NAS-wide airports. Table 1.7 gives the assumed
annual ops, historical IMC share, and “equivalent airport” relationships, as reference. The
capacity constrained large hub airports of LGA, LAX, and ORD accrued the most
significant benefit estimates.
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Table 1.7 EDA Airport Throughput Benefits

Airport

Atlanta(ATL)

Nashville (BNA)

Boston (BOS)

Bradley (BDL)

Baltimore (BWI)
Cleveland (CLE)
Charlotte (CLT)
Cincinnati (CVG)
Washington Nationa (DCA)
Denver (DEN)

Dallas — Ft. Worth (DFW)
Detroit (DTW)

Newark (EWR)

Ft. Lauderdale (FLL)
Houston Hobby (HOU)
Washington Dulles (IAD)
Houston — Intercontinental (IAH)
N.Y. Kennedy (JFK)
LasVegas(LAS)
LosAngdes (LAX)

N.Y. LaGuardia (LGA)
Orlando (MCO)

Chicago Midway (MDW)
Memphis (MEM)

Miami (MIA)
Minneapolis (MSP)
Oakland (OAK)

Chicago O'Hare (ORD)
Portland (PDX)

Philadel phia (PHL)
Phoenix (PHX)
Pittsburgh (PIT)

San Diego (SAN)

Sesttle (SEA)

San Francisco (SFO)

Salt Lake City (SLC)

St. Louis (STL)

37-Airport Total/Average

En Route Descent Advisor Benefits

Annual EDA Annual
Airport Ops Historical “Equivalent”  Cost Savings
(000s) Share of IMC Airport (1) ($000, 1998)
773 14.2% 3.21
226 9.5% 0.03
463 15.6% 2.52
161 14.6% DEN 0.03
270 12.4% 0.41
201 15.6% SEA 0.20
457 12.5% 0.58
394 15.0% 0.25
310 10.7% 0.20
454 6.0% 0.10
870 8.4% 0.46
531 16.6% 0.88
443 16.6% 0.52
236 3.0% DEN 0.04
252 13.5% SLC 0.07
330 11.7% 0.17
392 12.7% 0.48
361 15.0% 0.40
480 0.3% 0.03
764 22.2% 5.70
343 16.4% 8.28
342 5.9% 0.00
254 15.1% MIA 0.42
364 9.2% 0.30
546 2.3% 111
484 11.6% 1.92
516 14.4% MEM 0.27
909 16.1% 5.12
306 10.2% DEN 0.06
406 15.0% 0.65
544 0.5% 3.39
447 24.6% 0.52
244 12.6% SLC 0.09
398 14.9% 0.29
442 12.5% 212
374 5.6% 0.11
517 11.5% 2.02
430 42.93

(1) Airports not simulated assumed the delays of an “Equivalent” simulated airport, based on FAA Delay data [31] in Appendix B.
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Figure 1.5 EDA Airport Throughput Benefits
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Results Summary

This chapter evaluated EDA airport throughput benefits. Reduced runway threshold
separations (in excess of minimums) are expected from EDA as aresult of improved arrival
metering fix delivery accuracy. The reduced variance in arrival metering fix crossing times
leads to reduced runway gaps with associated airport throughput increases and aircraft
delay and delay propagation reduction, especially during rush periods.

It was found that EDA saved an average 1-2 seconds of delay or $2.35 per operation (time
and fuel), for atotal NAS-wide deployment at 37-airports of 445 hours and $42.93M
annually. These benefits reflect areduction in the average runway threshold excess spacing
buffer relative to a FFP1 Baseline, which includes TMA and pFAST. With no CTAS
improvements, the average buffer was found to be approximately 31 seconds[32]. Thus,
arough indication of the relative benefits of EDA, TMA, and pFAST operations can be
made by noting the airport delay savingsin Figure 1.4 associated with the approximated 1-
2 second TMA buffer improvement, 4 second pFAST improvement, and this study’s 0.65
second EDA improvement.

It should also be noted that this analysis, an update of previous studies, was limited by the
use of arunway demand and capacity modeling tool (AIRNET) which does not account for
airspace constraints and subtleties of arrival scheduling embedded in proposed ATM DSTSs.
To address these limitations, Seagull has initiated development of a higher fidelity model,
the Integrated Air Traffic (IAT) Model, which has been used in recent benefits assessments
for TMA [33].

Additionally, there is some concern regarding the underlying schedule used to model LGA.
Because of the high demand, delays are unable to be dissipated, and they build up without
break over thefull day. Asaresult, any improvement to LGA aircraft separation leads to
significant savings. It isrecommended that the AT model be applied to refine these airport
throughput benefits and the LGA flight schedule be updated to reflect existing operations.
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2. Center/TRACON Delay Distribution Benefits

During busy periods, aircraft arrivals are metered to meet airport capacity restrictions.
Controllers distribute overall arrival aircraft delay between Center and TRACON airspace
during busy traffic periods. This alocation process performs atrade-off between the
advantage of absorbing delay more efficiently in Center airspace, versus the advantage of
packing more aircraft in the terminal airspace to ensure that aircraft are continually available
to use the runway system. The TRACON delay allows controllers flexibility to absorb
variability in arrival-metering fix crossing time. Excess alocation of delay to the Center
airspace degrades runway system utilization. Astrgectory prediction and control accuracy
areimproved, less delay is needed in the TRACON airspace to maintain high runway
system throughput. An increase in the proportion of total delay taken in the Center provides
cost savings due to the ability to absorb delay more efficiently in Center airspace.

Thus, separate from runway throughput impacts of the previous chapter, improved arrival
metering fix (MF) timing accuracy with EDA can aso alow ATM to improve how the
aforementioned metering delays are absorbed. With improved MF arrival stream delivery
timing, less TRACON delay or front-loading is needed to absorb metering fix crossing
variations, while maintaining high runway system throughput. Asaresult, extra TRACON
time currently imposed on peak-period arrivals for this purpose can be shifted upstream to
ARTCC airgpace for more efficient absorption and associated fuel savings. The estimated
EDA fud savings were tabulated at 3 airports, and extrapolated to annual and NAS-wide
levels.

Analysis Process

The benefits assessment methodology process employed in previous research [33] and
updated here for EDA, is described below. Previous EDA benefits for this mechanism,
employing amore primitive analysis method are found in [13-14]. The sequence of
analytical formulations and computer-based modelings follows the Figure S.1 approach
(and numbering) of the introduction summary section. The Trgectory Prediction Accuracy
Model (2) uses Basdline and EDA defined data parameter accuracies to calculate the
expected timing error in CTAS' prediction of when the aircraft will cross the meter fix
(MF). Thistiming error aswell as airport-specific arrival routes, arrival procedures, and
arrival rush schedules (3), are used to identify the optimum level of TRACON delay. A
reduction in the TRACON delay setting relative to Baseline operations indicates the amount
of delay that can be shifted upstream and absorbed in the more fuel -efficient ARTCC
airspace. Theresulting delay savings from the EDA case, at 3 airports (ATL, DFW, and
LAX) arethen converted to user direct operating cost savings (fuel) and extrapolated to
annual and NAS-wide levels (4). These model components are discussed in more depth
with the analysis results in the following sections.
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Delay Distribution

CTAS includes adelay distribution function, which alocates aircraft delay between Center
and TRACON airgpace during busy traffic periods. As discussed above, the allocation
process is designed to achieve an optimum balance between fuelburn savings and runway
system throughput. CTAS TMA and EDA, alow for this optimal distribution of delay
between Center and TRACON airspace through aTRACON delay setting parameter.
During rush periods, the parameter isincreased to allow TRACON the controllability
needed to fully utilize runway system throughput, at afuel penalty of absorbing some of
the delay in the TRACON airspace.* Asarrival fix crossing accuracy or predicted
TRACON flight time improves, alower TRACON delay setting is necessary to maintain
runway system throughput, leading to associated fuelburn savings. Figure 2.1 shows the

fuelburn penalty (AFuel) and runway utilization cost of increasing the TRACON delay
Setting parameter.

o

o

o

o

TotalCost

o
y

Bryel

Average Costs ($/rush arripal)

o
T

Runway Utilization Cost
OpE = 100 sec

50 100 150 200
TRACON Delay Setting(sec)

o

o

Figure 2.1 Runway Utilization and Fuelburn Penalty Costs Vary with TRACON Delay
Setting
Runway utilization costs reflect the delay impact of arrivas unable to meet their landing
dot, despite the TRACON Delay Setting, as aresult of arrival fix delivery variation.
Previous research has analytically derived Equation (2.1) to calculate the optimum

TRACON Delay Setting as afunction of arrival fix delivery accuracy (o), fuelburn cost
ratesin the TRACON and Center (C_,, C-.), time costs, rush size (N), and a calibration
factor (kg,,). Equation (2.2) gives the EDA TRACON Delay Setting fuelburn savingsfor a
flight relative to the FFP1 Baseline system, which includes TMA. These savings would be
zero, if the optimum setting exceeds the maximum setting, based on the controllability
window of each TRACON arrival route at each airport.

= _ V89 (Cer— Cro)
o \/ 2'”[<N+1§ks.m © +Co)

FuelSavings = (Crr-Crc) (TRACON Delay Setting

TRACON Delay Setting

2.2)

rrri- TRACON Delay Setting |EDA ) 22)

“ Current operations front-load the TRACON during rush periods, which entails pushing several minutes of
the total flight delay into the TRACON (e.g. longer final approach flight segments) in order to address
metering fix delivery and other flight uncertainties.
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Figure 2.2 illustrates how the optimal TRACON Delay setting (y-axis) declines with
improved arrival metering fix delivery accuracy (x-axis). Note that the maximum delay
absorption capability of aroute (typically 100-300 seconds) may require a setting below
optimal when the MF delivery error is large (shaded area of figure). PreeTMA, TMA, and
EDA MF delivery accuracies are shown for reference. Note that only small Center/
TRACON delay distribution benefits would be expected under TMA, since despite the large
improvement in delivery accuracy, the TRACON delay setting did not change much. More
benefits would be expected with post-TMA improvements.

L N =100 aircraft

Max Route
Delay Setting

<

. g R%?O@ Dgay @ett@g (%pc)
TMA

TN

56 ldO 15‘0 200
MF Delivery Accuracy (sec)

o

Figure 2.2 Optimal TRACON Delay Setting as a Function of Arrival Metering Fix
Delivery Error

Equation Parameters

Equations (2.1-2.2) require case-specific metering fix delivery accuracy values (o,,.).
These values were obtained using the Tragjectory and Traffic Spacing Model and case-
specific input errors as used in Chapter 1, Airport Throughput Benefits, and discussed in
Appendix A. Thismodel incorporates case-specific errors that contribute to arrival
metering fix delivery accuracy, which were caibrated to match TMA [30] and EDA [10]
prototype field test observations. The resulting assumed arrival metering fix trajectory
accuracies are repeated in Table 2.1.

Table 2.1 Assumed Arrival Trajectory Accuracy

Units FFP1 Baseline EDA

MF uncertainty (Owr) Sec 86.1 (1) 17.9 (2)

(1) Cadlibrated to approximate 90 second (1-sigma) metering fix delivery error of TMA prototype field tests [30].

(2) Calibrated to approximate 15-20 second (1-sigma) metering fix delivery error of EDA prototype field tests [10].
Airport-specific parameters that apply to al study cases were identified through evaluation
of the airport TRACON procedures and typical traffic operations. The maximum delay that
could be absorbed in each TRACON route category was identified based on ATM facility-
provided data [34] aswell as geographic airspace and adjacent operations limitations, per
discussions with each facility. Straight-in approachesin general have asmaller
controllability window (i.e., less room to maneuver) and thus alower maximum TRACON
Delay Setting than the longer downwind-turn-to-base routes. Additionally at LAX, two
arrival fixes are often used to hold primarily non-jet aircraft for up to several minutesto fill
holes on fina approach, increasing their delay absorption capability.

Additionaly, evaluation of atypica day’s ETMS-based traffic operations at each of these
facilities [35] was used to identify and characterize the arrival rushes at each facility. The
assumed attributes are shown in Table 2.2
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Table 2.2 ATL, DFW, LAX Assumed Airport Rush Operations

M ax

TRACON Airport Arrival Rushes
Approach Delay Start Time, Duration, Operations
Procedure (sec) Rushl Rush?2 Rush3 Rush4 Rush5 Rush6 Rush7 Rush8 Rush9 Rushl
ATL  Straight-In 150 07:20 08:43 10:38 12:14 1410 15:41 17:35 19:36 21:47
Downwind 300 33 51 min 55 63 67 min 94 79 89 55
min 62 min min 77 min min min min
40 64 79 116 99 109 63
DFW  Straight-In 180 06:48 08:19 09:41 11:34 13:11 14:28 15:54 17:34 18:48 20:2
Downwind 360 13 24 min 25 46 26 min 47 31 52 63 53
min 27 min min 47 min min min min min
17 35 78 75 53 85 107 64
LAX  Straight-In 100 09:17 10:40 13:53 16:50 18:45
Downwind 300 29 102 71in 71 193
PropHoldin 360 min min 80 min min

g 31 122 83 216
Note: LAX Prop Holding Fixes are DARTS and SL|I

The cost parameter values used in Equations (2.1-2.2) are shown in Table 2.3. Airport-
specific costs of time and fuel (Center and TRACON) were weighted by the average airport
fleet mix. Note the key assumption that TRACON fuelburn during arrival delay absorption
is1.5times ARTCC fuelburn rate. Thismay be optimistic and representative of costs
under optimal conditions. In fact under current operations, rush arrival flights are typicaly
delayed in the ARTCC with vectoring, which does not fully leverage more fuel-efficient
speed control methods for delay absorption. Thus, the Center/TRACON fuelburn rate
assumption may be more representative of the EDA en route metering delay strategies
(Chapter 3).

Table 2.3 Fleet-Weighted Time and Fuel Costs
Airport Cost Rates ($/min)

Cost Type ATL DEW LAX
Time $20.63 $17.78 $18.01
Fuel - ARTCC  $10.89 $9.19 $9.51

Fuel — TRACON $16.34 $13.78 $14.27

TRACON Delay Settings

In the FFP1 Baseline case, TMA setsthe TRACON time-to-fly during rushes to include the
minimum TRACON to MF time-to-fly plus the TRACON Delay Setting. Since the MF
delivery accuracy in today’ s operationsistypically quite large, the maximum TRACON
Delay Setting isused. This hasthe effect of maximizing runway system utilization, at the
expense of less fudl-efficient trajectories. Asthe MF delivery accuracy improves, this
delay can be shifted to more fudl-efficient to ARTCC airspace.

For each airport’ s rush/approach categories, optimum TRACON delay settings are defined
from Equation (2.1) for the each case, with the parameter values of Tables 2.1 through 2.3.
The optimal setting is then compared with the maximum settings defined in Table 2.2.
Because the FFP1 Basdline settings are al less maximum, the optimal setting can be used,
and thus all rush arrival operations are able to shift the full amount of delay from the
TRACON to the Center airspace. The calculations of fuel savings per arrival and per rush
are shown in Tables 2.4 relative to the FFP1 Baseline.
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Table 2.4a ATL Center/TRACON Delay Distribution Fuel Savings
Calculation

Optimal TRACON Delay

ATL

Rush 1

Rush 2

Rush 3

Rush 4

Rush 5

Rush 6

Rush 7

Rush 8

Rush 9

Approach
Procedure
All

All
All
All
All
All
All
All

All

Rush Settin
Ops FFP1 Basdline
40 138
62 160
64 162
79 171
77 170
116 187
99 181
109 185
63 161

Sec

EDA

29

33

34

36

35

39

38

38

33

EDA Fuelburn Savings ($)

Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush

$9.89
$396

Table 2.4b DFW Center/TRACON Delay Distribution Fuel Savings

DFW

Rush 1

Rush 2

Rush 3

Rush 4

Rush 5

Rush 6

Rush 7

Rush 8

Rush 9

Rush
10

Calculation
Optimal TRACON Delay

Approach  Rush Setting (sec

Procedure  Ops FEPlBasdine EDA
All 17 78 16
All 27 115 24
All 35 131 27
All 78 171 36
All 47 147 31
All 75 170 35
All 53 153 32
All 85 175 36
All 107 185 38
All 64 162 34

30

EDA Fuelburn Savings ($)

Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush
Per Arr
Per Rush

$4.75
$81
$6.97
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Table 2.4c LAX Center/TRACON Delay Distribution Fuel Savings

Calculation
LAX Optimal TRACON Delay
Approach  Rush Setting (sec
Procedure =~ Ops FFPlBasdine EDA EDA Fuelburn Savings ($)
Rush1 All 31 123 26 Per Arr $7.69
Per Rush $238
Rush2 All 122 189 39 Per Arr $11.89
Per Rush $1450
Rush3 All 80 172 36 Per Arr $10.78
Per Rush $862
Rush4 All 83 173 36 Per Arr 10.86
Per Rush $901
Rush5 All 216 211 44 Per Arr $13.24
Per Rush $2859

Economic Analysis

The fuelburn savings from shifting delay from the TRACON to the Center airspace is
determined for each arrival rush and multiplied by the frequency of using each approach
category in each rush. The savings are calculated for each rush period, asthe TRACON
delay setting is dependent upon the rush size (N). Table 2.5 summarizes the daily savings
of al airports. Note that LAX and ATL show more benefit due to their larger number of
aircraft per rush. A three-airport averageis calculated for usein annual/NAS-wide
extrapolation.

Table 2.5 EDA Center/TRACON Delay Distribution Fuel Savings Summary

EDA Daily Center/TRACON Delay Distribution Benefits

ATL DFW LAX Airport Average
Rush Operations Rate "
(per 100 Airport ops) 5.7 27.0 27.0 30.4
ARTCC Delay Shift (sec) 137 sec 128 sec 150 sec 138 sec
Average Fuel Savings ($) $12.40/0p $9.82/0p $11.86/0p $11.42/0p
$977/rush $577/rush $1,262/rush $939/rush
$8,794/day $5,772/day $6,311/day $6,959/day

* Assumes average delayed arrival rates from reference [12] to maintain consistency between EDA benefit estimates.

The daily DFW savings are extrapolated to an annual level and to other NAS airports by
accounting for the total number of 1996 operations at each facility. NAS benefits are
calculated based on EDA deployment in the Center airspace surrounding 37 candidate
airport sites. This set was chosen to represent high-demand NAS airports, include FAA
FFP1 and phase 2 deployment locations. The simple extrapolation used here employs
Equation (2.3) to estimate benefits, as employed in other studies[12].

Annual Savings = (Annual Ops) x (Rush Arrivalsprw) X (Apt Factor) x (Savings Per Interrupt)
(23)

where: Annual Ops = Annual airport operations (00s) (Appendix B)
Rush Arrivalsprw = DFW number of rush arrivals per 100 daily airport operations (Appendix B)
Apt Factor = Factor accounting for local airport rush arrival frequency relativeto DFW,

based on FAA dday data (Appendix B)
Savings Per Interrupt = Average cost savings per rush arrival (Table 2.6)

Asin the other evaluations, DFW rush arrival rates were adjusted by an Airport Factor to
account for variationsin congestion at each facility. Airportswith lessoverall delays are
assumed to require disproportionately fewer metering conformance actions. Thus, airports
with less demand-capacity congestion are assumed to delay fewer en route arrival and
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departure aircraft to meet airport-scheduling constraints. An individual airport’ s assumed
delayed arrival rate is adjusted from the nominal DFW vaue of Table 2.6, using FAA delay
data[31]. These datarecords delays at each airport in excess of 15 minutesin CY 1996,
including both arrivals and departures. This metric hides the significant number of smaller
delays during an arrival rush period and includes delayed departures, making it agross
indicator of the airport’slevel of delayed arrival flights. Despite these limitations, this data
provided areasonable factor for extrapolating the detailed traffic analyses (at 3 airports) to
the 37-NAS airports. To do so, the NAS airports were broken into five delay categories.
Engineering judgement was used to assign each category arush arrival rate relative to
DFW. Simulated rates[12] of 130%, 115%, 100%, 80%, and 60% for airport delay
classes 1, 2, 3, 4, and 5 were used, as shown in Table 2.6. The FAA delay data and
criteriaused to assign delay classes are included in Appendix B.

Thethree-airport average rush arrival rates and cost savings observed in the daily
simulation are summarized in Table 2.5 and used in Equation (2.3). Note that the average
rush arrival rate was increased dightly to match metered arrival frequenciesidentified in
previous studies in order to be consistent with the other benefits assessments in this report.

The annual airport operations [36] and resulting annual savings by airport using Equation
(2.3) are shownin Table 2.6. The annual savings are plotted graphically by airport in
Figure 2.3. Thelarge hub airports, ORD, DFW, ATL, and LAX, achieved significant gain
with EDA, saving over $2.5M per year relative to the FFP1 Basdline. Benefits at all 37
NAS-deployment airports, representing NAS-wide deployment, totaled $47.73M annually.
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Table 2.6 EDA Center/TRACON Delay Distribution Benefits

Airport

Atlanta (ATL)

Nashville (BNA)

Boston (BOS)

Bradley (BDL)

Baltimore (BWI)

Cleveland (CLE)

Charlotte (CLT)

Cincinnati (CVG)

Washington National (DCA)

Denver (DEN)

Dallas — Ft. Worth (DFW)

Detroit (DTW)

Newark (EWR)

Ft. Lauderdale (FLL)

Houston Hobby (HOU)

Washington Dulles (IAD)

Houston — Intercontinental (IAH)

N.Y. Kennedy (JFK)

LasVegas (LAS)

Los Angeles (LAX)

N.Y. LaGuardia (LGA)

Orlando (MCO)

Chicago Midway (MDW)

Memphis (MEM)

Miami (MIA)

Minneapolis (MSP)

Oakland (OAK)

Chicago O’'Hare (ORD)

Portland (PDX)

Philadel phia (PHL)

Phoenix (PHX)

Pittsburgh (PIT)

San Diego (SAN)

Seattle (SEA)

San Francisco (SFO)

Salt Lake City (SLC)

St. Louis (STL)
37-Airport Total/Average

Annual Rush Arrival EDA Annual
Airport Ops Apt Delay Rate (per 100  Cost Savings
(000s) Delays/Categor ~ Airport Ops)  (gM, 1998)
\'A
773 2388 3 304 2.68
226 1.36 5 18.2 0.33
463 0.73 2 18.2 0.47
161 2637 5 34.9 1.84
270 3.67 5 18.2 0.56
291 4.68 5 18.2 0.61
457 6.55 4 24.3 1.27
394 1038 4 24.3 1.09
310 6.53 4 24.3 0.86
454 1.90 5 18.2 0.94
870 1959 3 304 3.01
531 9.10 4 24.3 1.47
443 65.25 1 39.5 2.00
236 1.53 5 18.2 0.49
252 2.57 5 18.2 0.52
330 6.81 4 24.3 0.92
392 1145 4 24.3 1.09
361 2953 2 34.9 1.44
480 3.68 5 18.2 1.00
764 2413 3 304 2.65
343 4622 1 39.5 154
342 4.59 5 18.2 0.71
254 6.70 4 24.3 0.71
364 NA 5 18.2 0.76
546 6.79 4 24.3 151
484 9.29 4 24.3 1.34
516 NA 5 18.2 1.07
909 3446 2 34.9 3.62
306 241 5 18.2 0.64
406 1795 3 304 141
544 7.25 4 24.3 151
447 6.60 4 24.3 1.24
244 3.31 5 18.2 0.51
398 6.37 4 24.3 1.10
442 56.57 1 39.5 1.99
374 3.53 5 18.2 0.78
517 34.04 2 34.9 2.06
430 47.73
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EDA Center/TRACON Delay Distribution Benefits
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Figure 2.3 EDA Center/TRACON Delay Distribution Benefits
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Results Summary

This chapter evaluated EDA Center/TRACON delay distribution benefits. Reduced variance
in EDA arrival metering fix delivery accuracy resultsin arrival flight efficiency benefits due
to the ability to absorb more efficiently upstream in Center airspace while still maintaining a
given TRACON entry rate.

It was found that EDA shifted an average of 138 seconds of rush arrival delay from
TRACON to Center airspace. Thissaved 114 Ibs of fuel or $11.42 per rush arrival ($939
per average rush), with atotal savings of $47.73M annually assuming NAS-wide
deployment at 37-airports. This EDA benefit mechanism is used to model the general shift
of delay from TRACON to Center airspace. EDA metering conformance efficiency,
discussed in the next chapter, addresses more specifically the EDA efficiency of Center
delay absorption, a separate advantage of EDA operations over TMA alone.

The EDA benefits were evaluated relative to a FFP1 Basaline, which includes TMA. The
arrival metering fix delivery accuracy (1-sigma) was found to be approximately 180
seconds prior to TMA and 90 seconds with TMA [30]. EDA field tests found an accuracy
of 15-20 seconds [10], modeled here as 17.9 seconds (Table 1.2). Using these values, a
rough indication of the relative Center/TRACON delay distribution benefits of EDA and
TMA can be made by using Figure 2.2. Note that for the FFPL/TMA Baseline, the
maximum delay absorption capability of aroute (typically 100-300 seconds) would likely
require aTRACON delay setting below optimal. Thus, despite TMA’s significant
improvement in metering fix delivery accuracy, little change would occur in the TRACON
delay setting, allowing only limited shifting of delay to more fuel-efficient ARTCC
airspace, with associated limited benefits. Post-TMA, improvements to the metering fix
accuracy, such aswith EDA, enables areduction in TRACON delay aong the optimal line,
resulting in significantly higher benefits per metering fix accuracy improvement.

To achieve these benefits, it is assumed that TRACON traffic managers would be
comfortablein shifting delay upstream (i.e., less TRACON front-loading) with the more
accurate metering fix delivery schedule adherence of these DSTs. Additionally, the study
would benefit from a better understanding of the controllability window
(minimum/maximum TRACON delay setting) of various TRACON arrival routes at various
ATM facilities. Another key assumption driving these estimatesis that aircraft fuelburn
rates for absorbing delay are 1.5 times larger in the TRACON relative to ARTCC airspace.
This assumption should be calibrated with field data, and may differ under Baseline and
EDA metering conformance delay strategies. Alternatively, higher fidelity aircraft trgjectory
and fleet mix models could be employed to improve fuelburn estimates.
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3 Arrival Metering Conformance Efficiency Benefits

Air traffic controllers deviate flights from the users’ preferred trgjectory to avert impending
traffic conflicts and to conform to flow-rate restrictions. The efficiency and effectiveness of
such controller-imposed deviations directly affect controller and flight crew workload as
well asuser costs. ATM En Route DSTs and their further enhancement with data exchange
have the potentia to reduce unnecessary deviations and improve the efficiency with which
necessary deviations are implemented by more accurately predicting flight trajectories and
supporting useful clearance decisions. We refer to these processes that the ATM system
usesto interrupt the normal traffic flow in order to mechanize flow-rate conformance and
separation assurance conflict resolution as“ATM interruptions,” and the DST processes of
reducing and imposing more efficient traffic interruptions as“ ATM interruption benefits.”
This chapter evaluates EDA improvementsto ATM arrival-metering conformance efficiency
(i.e., reduction in costs related to ATM flight interruptions for arrival delay absorption).
The following chapter evaluates EDA improvement to separation assurance flight
interruptions as integrated with metering conformance.

During high-density airport arrival operations under the FFP1 Baseline, the CTAS Traffic
Management Advisor (TMA) sets ameter-fix crossing schedule to optimize the arrival flow
into the terminal area. The controller then meters arrival traffic according to this schedule,
as necessary, to meet airport flow-rate restrictions. Arrival metering delay is absorbed en
route, using amix of airborne delay absorption methods including changesin speed (cruise
and descent), cruise dtitude, and routing (vector/path-stretching) of the arrival trajectory.
Basdline delay strategy development entails controller cognitive processes. EDA
automation assists controllersin formulating and executing an arrival delay strategy, by
providing EDA-generated metering conformance maneuver advisories (i.e. conflict-free,
fuel-efficient aircraft clearances to meet the TMA schedule). This EDA assistance alowsthe
controller to assess quickly and accurately the impact of various delay methods. Earlier
execution on the time horizon to the metering fix alows an increased use of fuel-efficient
speed control delay methods and reduced reliance on the more expensive vectoring
methods.

Additionally, the EDA built-in conflict prediction/resolution capability can assist controllers
in accommodating user-requested arrival preferences, such as direct routes to afuture
waypoint or metering fix. To address the impact of arrival direct routing on metering
conformance and separation assurance flight interruptions, two EDA cases were analyzed,
standard terminal arrival routes (STARS) and direct arrival routes. Metering Conformance
impacts are assessed here, while separation assurance impacts are addressed in the next
chapter.

Specificaly, this benefit mechanism concerns the fuel-efficiency of ATM strategiesto
absorb arrival metering delay under Baseline and EDA automation-assisted operations. The
cost of ATM interruptions for metering conformance were calculated for both technology
cases sensitive to the chosen delay strategies, their implementation accuracy, and the time
horizon until metering fix crossing. EDA automation is shown to result in more fuel-
efficient metering conformance actions.

Analysis Process

The benefits methodology process employed in previous research [11-12,16] is described
below. The sequence of analytical formulations and computer-based modelings follows the
Figure S.1 approach (and numbering) of the introduction summary section. After
identifying the technologies and their parametric effects of the study case (1), the attributes
of the particular Baseline and EDA metering conformance delay absorption strategies are
defined (2). These strategies are then combined with a DFW daily traffic schedule in an
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ATM Interruptions Model (3), shown in Figure 3.1. Initialy, the model generates a set of
air-traffic trgjectories for atypical day within ablock of Center airspace. This set of four-
dimensional (4D) “undelayed” trajectories, represents what each flight would do if left
aloneto fly the users’ filed route and preferred profile. The Metering Conformance model
component analyzes the arrival traffic and determines aircraft-specific metering delay
necessary to meet airport flow-rate restrictions. A new set of arrival flight trgjectoriesis
then generated, incorporating maneuvers necessary to absorb the metering delay, under
Baseline and EDA metering conformance strategies. The aircraft-specific delay methods
employed and their associated interruption costs are tabulated. The ssmulated daily
interruption rates and costs are then extrapolated to annual and NAS-wide levelsusing
economic models (4). These model components are discussed in more depth with the
analysis results in the next section.

A4 N
ATM/DST Attributes

Metering Conformance l-Time Horizon JSeparation Assurance

ATM Interruptions - Trajectory Errors ATM Interruptions

i i i - Supporting
Airspace Simulation Flow Rate
- Daily Schedule Pl
- Undelayed Trajectorie estrictions

Technologies Conflict Incident
¥\
v
ATM Perception

Conflict
Alerts

Resolution

A 4

Delay
Strategy.
[Altitude | [ Speed | | Vectoring
Delayed
Trajectories
ATM Interruption
Costs & Benefits

Figure 3.1 ATM Interruptions Model Approach

Metering Conformance Strategies

Figure 3.2 illustrates the general methodology employed in the model to clear an aircraft to
meet adelayed arrival fix crossing time. Combinations of speed, altitude, and vectoring
maneuvers are considered, where the maximum amount of delay is absorbed by each
method before moving onto the next method. The affect of time horizon where the
maneuver isinitiated isaso illustrated. Note that at larger time horizons (right figure),
speed and altitude changes can absorb more delay. Asthe effective time horizon decreases
(Ieft figure), the need for more expensive vectors (path stretching) increases since the speed
and atitude changes cannot absorb as much delay.

37




En Route Descent Advisor Benefits

STA STA
Vector
Vect
ector t, (CAS,h,)
ts (CASz.hy) t, (CAS,,h
/—tz(CASZ,hl) > (CAS;,h))
UPT(CAS, hy) UPT(CAS ,,h,)
f > } >
Range MF Range MF

t, = User Preferred Trajectory (UPT) = Undelayed Metering Fix (MF) crossing time (CAS,, h,)
t,= Crossing time if cleared to minimum speed (CAS,)

t;= Crossing time if cleared to minimum speed at a lower altitude (h,)

STA = crossing time if cleared to minimum speed, lower atitude, and vectored

Figure 3.2 Metering Conformance Delay Absorption

The effectiveness of the delay absorption clearance depends on the amount of delay to be
absorbed by any one flight, the time available to absorb the delay (i.e., effective time
horizon), and the delay absorption strategy. Differences in delay-absorption performance
are modeled through differences in the technol ogy-specific time horizon and delay strategy.

In the model, four possible arrival metering conformance methods are used to alter the
trgjectory of particular flights so that the proper amount of delay is absorbed. The four
methods are graphically illustrated in Figure 3.3.

R250 SP Vo H
A /\--. co 0
VCl
VCl Hl P
LEGEND
R250 = Airspace Outer Ring (250nm out) TOD = Top-of-Descent Location
MF = Arrival Metering Fix H = Altitude (ft)
SP = Meet-time Maneuver Start Point \Y% = Speed CAS (kt)

= x minutes before MF Crossing Time

Figure 3.3 ATM Interruption for Metering Conformance

* Speed Control - Reduce aircraft cruise and descent CAS speed along the initia
routing and altitude profile. Chosen speeds are limited by aircraft performance-based
minimum speeds, assumed to approximate best endurance speed under EDA, and
subject to ATM controller rounding/ increment limitations. In this study, the descent
gpeed is set to essentially “balance” cruise and descent CAS speeds. The higher of
cruise/descent CASisinitially decremented until both speeds are equal. Then each
speed is alternately decremented. Although actua controller techniques may not be so
precise, this approach conservatively represents controller actions. Reduction in speed
profileresultsin an earlier TOD location.
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* Altitude Change — Descend and maintain a new cruise atitude (until final top of
descent) down to floor of the high-altitude sector airspace (flight level (FL) 230/240).
With future technology cases, speed may also be allowed to change at the new altitude,
providing an optimal combined speed/altitude approach.

* Vectoring- Increase path length, using simple 1-sided out and back vector path
stretching, at constant altitude and speed, up to a maximum heading change. The
aircraft is vectored off the origina path and than back to the top of descent (TOD). An
error isimposed on the timing of the final return vector to reflect ATM clearance
limitations that may lead to arrival fix STA deviations, asshown in Figure 3.4. A turn
back error is modeled as a random sample from a distribution, with bounds reflecting
ATM/DST accuracy.

" YTurn-back
Angle

’ a
Turn-back Reference Fix

Position £*

"N\, Meter Fix

TRACON

Figure 3.4 Modeled Vectoring Method

* Time Shift Strategy — A last resort method, assumes delay is absorbed by the
controller issuing additional vectoring clearances for additional path stretching at cruise
altitude/speed, essentialy shifting ARTCC entry times to absorb any remaining delay.

A specific delay strategy is defined by the ordering of these methods in addition to time
horizon and clearance accuracy parameters. These strategy orderings are an extreme
simplification of the complexity of actual operations, which are restricted, especially in the
Baseline case, by such issues as sector airspace boundaries, rush/non-rush conditions, in-
trail separation constraints, and controller workload. Table 3.1 summarizes metering
conformance delay strategy parameters for Baseline and EDA cases. Each caseis
summarized in the following paragraphs.
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Table 3.1 Assumed Metering Conformance Delay Strategy Parameters

| FFP1 |  CTAS EDA
Genera
Strategy Order Altitude Sped
Speed Altitude/Speed
Vectoring Vectoring
Time Shift Time Shift
Time Horizon 16 min 18 min
Speed
Speed |ncrements 10 kt 5 kt
Speed Error + 10 kt None
Min Cruise Speed BADA(1) BADA(1) — 10 kts
Min Descent Speed BADA (1) BADA(1) — 20 kts
Altitude (Jets only)
Permitted Altitudes Min Altitude FAR Altitudes
Min Altitude FL 230/FL 240 FL 230/FL 240
Vectoring
Heading Increment 1° 1°
Max Vector Angle 60° 60°
Turn back Error + 60 seconds + 30 seconds
(1) Reflecting alack of automation to help controllers identify efficient speeds, the

minimum cruise/descent speeds for FFP1 used Eurocontrol BADA model [37] “low”
cruise speeds included in Appendix D (e.g. 250 kts for jets). EDA minimum speeds
were modeled as 10 kts (20 kts in descent) lower than BADA, a conservative estimate
closer to best endurance speed.

FEP1 Baseline Strategy

The FFP1 Basdline delay strategy reflects current ZFW Center metering conformance
methods, based on discussions with NASA ATM experts familiar with ZFW en route
airspace [38]. A time horizon of 16 minutes (before the undelayed metering fix crossing
time) is assumed, allowing a 3-minute lag after the TMA delay advisories are displayed to
the controller. In thiscognitively developed strategy, controllers are assumed to first
employ atitude control by descending aircraft to the floor of the high-altitude sector
airspace. Additional delay is absorbed using speed reductions, based on controller
experience, down to a minimum speed applicable to most aircraft types. Without additional
information/automation, controllers are unable to routinely identify acceptable lower speeds
for clearance. A speed error is added to the optimal case to represent cognitive limitationsin
developing the metering conformance clearance without automation assistance. Findly,
vectoring isimplemented to absorb any residua delay. The magnitude of the vectoring turn
back error [10] reflects controller cognitive limitations in identifying the optimal vector turn
back location/time.

EDA Strategy

EDA delay strategies[6], employ high-fidelity tragjectory modeling to predict future aircraft
positions and generate metering conformance maneuver advisories. The maneuver
advisories assist controllersin quickly formulating and executing atraffic delay strategy.
As such, alonger 18 minutes time horizon (only a 1-minute lag after the TMA delay
advisories are displayed) is assumed. With alonger time horizon, speed control can be
implemented more effectively, and because of itsfuel efficiency, is attempted first. EDA
automation provides controllers with more efficient speeds that are closer to the aircraft’s
best endurance speed than manually possible. If speed control aloneis not sufficient, a
combination of altitude/speed adjustments are used instead. Here, EDA advises an optimal
speed/altitude combination, difficult to calculate without EDA data and computational
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assistance. Vectoring, the least precise and least efficient strategy is reserved for large
delays. EDA vectoring advisories are designed to bring the flight within speed-control
range using precise “turn-back” advisories to reduce uncertainty [10].

Arrival Metering Costs

ATM interruptions for metering conformance, which delay metering fix arrivals to meet
airport capacity constraints, result in both time and fuel penalties. Time costs were
calculated directly from the arrival metering delay combined with FAA-based airborne cost
ratesincluded in Appendix C. Time costs include both crew and maintenance components
and vary by aircraft class.

Fuel costs were primarily calculated using Equation (3.1). Additional cost components
were added to account for changing TOD location and turn back error corrections, not
implemented geometrically in the delayed trgjectories.

FuelCost = Fuelburn Rate x Distancecryise/Speedcruise (3.1)

Equation (3.1) essentially applies afuelburn rate to the cruise flight time. Thisflight timeis
calculated as the distance flown during the case-specific time horizon. Arrival fuel rates
were calculated based on cruise speed and atitude and an average aircraft weight per type.
Time shift delays were evaluated as additional vectoring time at the vectoring cruise atitude
and speed. Arrival fuelburn rates used in the cost model are included in Appendix D. The
fuelburn rates were based on high-fidelity simulations [39] of a B737 aircraft under various
conditions normalized to determine the fuelburn rates (Ibs/min) at each altitude and

airspeed. Thus delay strategies causing reductions in speed or altitude employed different
fuelburn rates. Vectoring or time shift methods increased fuel costs by increasing the time
or distance spent at constant speed/altitude with its associated fuelburn rate. The B737
simulation results were extrapolated to al aircraft classes by applying a scale factor, derived
from FAA-based airborne fuel cost rate datafound in Appendix C. Aswith departures, a
fuel cost of $0.10 per pound was assumed, so results should be scaled to reflect future
higher fuel costs. This approach assumes no fuel impact with speed changes on the
descent segment, a simplification of the assumed idle descent conditions.

Additionaly, the fuel impact of the vectoring turn back error was also added to the delayed
arrival trajectory fuel cost. Vectoring turn back error impacted fuel costs as increased
vectoring distance pre-TOD (late turn), or post-TOD on descent (early turn). Additional
vectoring on descent was assumed at the descent speed and MF atitude using the B737-
based fuelburn rates just discussed. A fuel and time penalty was imposed when vectoring
turn back error caused the flight to arrive late to the metering fix. The impact of such arriva
fix delivery error on inefficient metering fix throughput was not addressed.

Finally, the above speed change fuelburn estimate (jets only) was adjusted to account for
the fuel impact of amodified TOD location under changing cruise speed. The fuel impact of
the new TOD location leads to additional or reduction of fuel burned depending upon the
extended (faster) or shortened (slower) cruise segment. The TOD location, relative to
nominal, was cal culated using Equation (3.2) for both undelayed and metered flights, with
the difference representing the shift in TOD location due to metering conformance cruise
speed changes.

TOD Shift = 0.00001 X (Altitudeqe. - Altitudeye) X (SPeedpeeer - 280) (3.2)

where: Altitude = Arrival cruise and metering fix (MF) altitudes (ft)
S)eedD(scent = De&mt $wj (kt)

Equation (3.2) assumes atypical jet descent rate of 3 nm per 1000 vertical ft, at anominal
280 kts CAS. The descent rate was assumed to shift by 0.1 nm per 1000 ft, for every 10 kt
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deviation from the nominal descent speed. The fuelburn impact of this TOD location was
calculated by applying the B737-based cruise fuelburn rates, to the cruise distance shift in
TOD location. The speed fuelburn estimates were adjusted accordingly.

Traffic Scenario

Initialy an en route set of air-traffic “demand” trgectoriesfor atypical day within ablock
of en route airspace was defined. In this study the Fort Worth Air Route Traffic Control
Center (ZFW) airspace was anayzed, including arrival, departure, and overflight traffic
operations between 40 and 250 nautical miles (nm), at or above 10,000 ft from Dallas-Fort
Worth International Airport (DFW). Enhanced Traffic Management System (ETMS)-based
flight trgjectories for atypical day (Friday, June 14, 1996) were used to generate
“undelayed” trgjectories, trgectories for gpproximately 2,500 DFW arrivals and departures
[35], representing what each flight would do if Ieft alone to fly the users’ filed route and
preferred profile. FFPL filed routes were restricted to STAR routes, while two EDA traffic
scenarios were generated representing filed STAR or direct arrival routing to the arrival-
metering fix. The arrival trgectories, shown inredin Figure 3.5, define the arrival
congestion traffic scenario. The figure aso includes the study day departures (blue) and
overflights (green). The various cases under study are shown in Table 3.2.

DFW
Figure 3.5 Plan and Profile View of DFW Study Day Operations

Table 3.2 Analysis Case Criteria

Metering Traffic Routing
Case Conformance )
LAk Strategy Departures Arrivals
FFP1 Baseline FFP1 SID STAR
EDA-STAR EDA SID STAR
EDA-Direct EDA SID Direct Arrivals

Arrival Metering Delay

During peak periods controllers meter DFW arrival flights to meet airport capacity
restrictions. A simplified model of TMA metering was developed to estimate metering
delaysfor each DFW arrival. Meter-fix scheduled times of arrival (STAS) at the TRACON
boundary, and associated delays, were based on maximum TRACON entry rates and
minimum inter-arrival fix separations, as shown in Table 3.3. Figure 3.6 shows a
distribution of the delays imposed upon the 1,047 arriva flightsin order to meet the Table
3.3 flow-rate constraints over the course of the sample day.
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Table 3.3 DFW Scheduling Criteria
Scheduling Criteria Assumed Value

Minimum Arrival Meter-Fix Separation 5.50 nm
Maximum TRACON Arrival Rate (4 Arrival 150 ac/hr

350 T
300 f1

0 2 4 6 8 10 12 14 16 18 20
Delay (min)

Figure 3.6 TMA Arrival Delays

EDA Metering Savings

The metering conformance cost model, discussed earlier, was used to calculate the total fuel
expended for each simulated metered arrival flight. EDA metering conformance benefits
were calculated as the difference between the total (time and fuel) arrival delay costs of the
Baseline and EDA cases. The frequency and per operation rates from the daily simulation
were then used to extrapolate annual and NAS-wide potential benefits.

The number of metering conformance interruptions and share of total delay absorbed by
each method is shown in Table 3.4. Despite the different trajectoriesin the two EDA cases
(arrivalson STAR or direct routing), there was no significant difference in metering
conformance results. The EDA direct and STAR arrival routes are subject to the same
arrival fix crossing schedule, but differ on the time they enter the en route ARTCC.
Because of the similar results, the following discussion will address them jointly as EDA
results. Note that the similar results imply that direct routing does not inhibit EDA metering
conformance efficiency.

Table 3.4 Metering Conformance Delay Methods
Number Delay (min) Method Frequency (%)* Share of Total Delay (%)

iﬁﬁ/’i Ave. Total |Altitude Speed Vector/TS| Alt/Spd Vector TimeShift
FFP1Basdine | 662 4.0 2682 | 41.2% 38.4% 84.9% | 16.2% 47.2%  36.6%
EDA 662 4.0 2654 | 47.0% 74.0%  65.9% | 31.8% 34.4%  33.8%

Note: In this table, EDA-STAR and EDA-Direct arrival cases produced identical results.

* Because multiple methods were applied to each flight, these columns sum to over 100 percent

Two arrival delay strategy breakdowns are shown in thetable. Thefirst showsthe
frequency of employing each method. The second identifies the share of total delay
absorbed by each method. The frequency breakdown and Figure 3.7 clearly show that
EDA replaces the Basdline s use of vectoring with less intrusive and more cost-effective
speed control and atitude arrival delay methods.
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Figure 3.7 Comparison of Employed Metered Arrival Delay Strategies

As previoudly shown in Figure 3.6, both Baseline and EDA metered arrival flights were
delayed typically 3-5 minutes, with an average of 4.0 minutes. The range of arrival delay
absorbed with each delay method is shown in Table 3.5. The table compares the varying
effectiveness of the delay absorption methods employed in both the Baseline and EDA
cases

Table 3.5 Metered Arrival Delay Comparison

Delay (minutes)
FFP1 Basdline EDA — STAR*
Range Ave Total Range Ave Total
Altitude 0-25 0.2 160 0-10.2 13 845
Speed 0-4.6 0.4 275
Vectoring**  0-18.1 34 2,247 | 28179 27 1,808

Note: In this table, EDA-STAR and EDA-Direct arrival cases produced identical results.

* CTAS EDA cases combine speed and altitude methods.
** Vectoring includes Time Shift method.

Table 3.6 compares the resulting arrival metering conformance fuel coststied to the FFP1
Baseline and EDA cases. Thetable points out the fuel efficiency of speed delays, where
delays absorbed with speed control can actually reduce the overall flight cost (i.e., note
negative valuesin Table 3.6). Additionally, EDA with direct arrival routes (i.e., those
marked “ Direct”) was found to have dlightly lower atitude speed costs for a given delay
(than those that followed the STAR routes), resulting in overall lower delay fuel costs
under this scenario. Thisimpliesthat direct routing does not inhibit EDA metering
conformance efficiency. Overall, EDA saved approximately $4000 worth of fuel (at $0.10
per Ib) in the daily smulation

Table 3.6 Simulated Metered Arrival Fuelburn Comparison

FFP1 Baseline | EDA-STAR | EDA-Direct
Fuel (Ibs)
Range Ave Total Range Ave Total Range Ave Total
Altitude/Speed ~ (168)-579 14 9,502 [(533)-590 17 11,494 |(753)-483 13 8,645
Vectoring* 0-2.659 244 161,422 | 0-2,440 182 120,205 0-2440 183  120.866
Total (133)-2793 258 170,924 |(533)-2773 199 131,700 |(533)-1870 196 129,511
Total Fuel Cost ($) **
Total $(13)-279 $25.82 $17,092 |$(53)-277 $19.89 $13,170 |$(53)-187 $19.56 $12,951

* Vectoring includes Time Shift method.
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** Assumes $0.10 per Ib of fuel.

As both cases used the same traffic scenario and flow-rate constraints, each flight was
subject to the same time delaysin the Baseline FFP1 and EDA cases. Asaresult, EDA
savings primarily reflect improved fuel efficiency in absorbing the common metering delay.
However, avectoring turn back error was applied which, in some cases, increased the
flight timeto the arrival fix. Lesserror was applied in the EDA case, based on prototype
EDA observations[10]. Thisincreased the FFP1 time by 1 percent (see Table 3.4)
increasing EDA daily cost savings by $500 ($740 with direct route case). Figure 3.8
graphically shows the distribution of total (time and fuel) per operation EDA metering
conformance fuel savings.
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Figure 3.8 EDA Metering Conformance Savings Per Operation

Economic Analysis

Aswith other benefit mechanismsin this report, these daily DFW savings were
extrapolated to an annual NAS-wide level by accounting for the total number of 1996
operations at each facility. Asin other chapters, the smple extrapolation employs Equations
(3.3) and (3.4) to estimate benefits.

Annual Cost = (Annual Ops) x (Rush Arrivalspew) X (Apt Factor) x (Cost Per Interrupt) (3.3)
Annual Savings = Annual Cost rrp; — Annual Cost epa

(3.4)

where: Annual Ops = Annual airport operations (00s) (Appendix B)
Rush Arrivalsprw = DFW number of rush arrivals per 100 daily airport operations (Appendix B)
Apt Factor = Factor accounting for local airport rush arrival frequency relativeto DFW,

based on FAA ddlay data (Appendix B)
Cost Per Interrupt = Average cost savings per rush arrival (Table 3.7)

The average rush arrival rates and cost savings observed in the daily simulation are
summarized in Table 3.7.

Table 3.7 DFW Interruption Rates and Costs

FFP1 Baseline  EDA-STAR EDA- Direct

Metered Arrival Rate (per 100 ops) 30.4 30.4 30.4
Cost Per Interrupt ($/op) $104.66 $97.86 $97.50

Asin the other evaluations, DFW rush arriva rates were adjusted by an Airport Factor to
account for variationsin congestion at each facility. Airportswith lessoverall delays are
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assumed to require disproportionately fewer metering conformance interruptions. Thus,
airports with less demand-capacity congestion are assumed to delay fewer en route arrival
and departure aircraft to meet airport-scheduling constraints. An individual airport’s
assumed delayed arrival rate is adjusted from the nominal DFW value of Table 3.7, using
FAA delay data[31]. These datarecord delays at each airport in excess of 15 minutesin
CY 1996, including both arrivals and departures. This metric hides the significant number
of smaller delays during an arrival rush period and includes delayed departures, making it a
gross indicator of the airport’slevel of delayed arrival flights. Despite these limitations, this
data provided areasonable factor for extrapolating the detailed DFW traffic analysesto the
37-NASairports. To do so, the NAS airports were broken into five delay categories.
Engineering judgement was used to assign each category arush arrival rate relative to
DFW. Simulated rates[12] of 130%, 115%, 100%, 80%, and 60% for airport delay
classes 1, 2, 3, 4, and 5 were used, as shown in Table 3.8. The FAA delay data and
criteriaused to assign delay categories areincluded in Appendix B. Note that by using the
DFW simulated per interrupt savings, we implicitly assume a DFW distribution of delay,
despite some adjustment for the total number of delayed/rush operations by airport.
Because EDA metering conformance benefits appear to be largest for small delays, an
airport with alarger share of smaller delays may save more per average metering
conformance interrupt than observed in the DFW simulation.

The annual airport operations and annual savings by airport using Equations (3.3)-(3.4) are
also shown in Table 3.8 and plotted graphically by airport in Figure 3.9. The annual EDA
benefits at any one airport ranges from $0.18M at BDL to nearly $2M at ORD, with all 37
airports totaling an annual benefit of over $25M, dightly more under EDA with arrival
direct routing. The airports with larger operations fared best, including ORD, DFW, ATL,
and LAX, each saving nearly $1.5 per year. For consistency across EDA benefit
mechanisms, only the EDA-STAR results are shown in the summary chapter benefits
matrix. The EDA-STAR values are more conservative.

It should be noted that the similar benefits estimated for STAR and direct arrival routing
impliesthat direct routing does not inhibit EDA metering conformance efficiency. Indeed,
the results indicate that automation may allow aircraft to file for their user-preferred direct
routes, with ATM DST-assisted management and monitoring interrupting these routes only
as required for metering conformance and separation assurance. During non-rush periods,
user-preferred direct arrival routes would save both time and fuel. During metering, no
time savings would accrue due to delays but, as the resultsin this chapter show, the
metering conformance direct arrival route actions have adight fuel advantage, without
adverse impact on metering conformance workload. Indeed, as discussed in the next
chapter, separation assurance conflicts are al so reduced relative to the FFP1 Baseline under
direct arrival routes. Such direct arrival routing benefits are enabled by EDA automation,
allowing controllersto dynamically adhere to metering constraints without restricting
aircraft to common arrival paths.

It should also be noted that the estimates do not include the controller and occasional flight
crew workload benefits. EDA maneuver advisories embody an efficient inter-sector
approach to metering restrictions, easing controller strategy and clearance development. By
identifying an appropriate strategy as well as magnitude, EDA reduces controller workload.
Indeed, in early EDA testing, over two-thirds of the EDA clearances provided to controllers
required no modification, being acceptable in both method (speed, heading, atitude) and
magnitude [23-24]. Additionally, the use of a high-fidelity model to develop the EDA
maneuver advisoriesimproves their accuracy over cognitively-developed interruptions,
reducing the need for additional corrective interruptions closer to the restriction, and
limiting vectoring which requires two clearances (i.e., turnout and turn back).
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Current TMA-based arrival metering conformance procedures typically include the
following clearances [40]:

Clearance 1: Altitude, speed, and vectoring heading change to conform to arrival
metering schedule. This clearance may split into two under busy conditions with an initial
altitude clearance, followed later by a vectoring/speed clearance. Additionally, multiple
altitude clearances may be given to step descend aircraft in order to de-conflict merging
arrival streams that have been vectored, or avoid crossing traffic streams.

Clearance 2: Heading turn back to Fix/Navaid, with the timing of this clearance assisted
by TMA delay count-down. That is, TMA displays adynamic delay value for each metered
aircraft, indicating its conformance to the metering schedule, if turned back now.

Clearance 3: Appraise pilot of arrival metering fix crossing restrictions and instruct pilot
to begin descent (typically at pilot discretion).
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Airport

Atlanta (ATL)

Nashville (BNA)

Boston (BOS)

Bradley (BDL)

Baltimore (BWI)
Cleveland (CLE)
Charlotte (CLT)
Cincinnati (CVG)
Washington National (DCA)
Denver (DEN)

Dallas — Ft. Worth (DFW)
Detroit (DTW)

Newark (EWR)

Ft. Lauderdale (FLL)
Houston Hobby (HOU)
Washington Dulles (IAD)
Houston — Intercontinental (IAH)
N.Y. Kennedy (JFK)
LasVegas (LAS)

Los Angeles (LAX)

N.Y. LaGuardia (LGA)
Orlando (MCO)

Chicago Midway (MDW)
Memphis (MEM)

Miami (MIA)
Minneapolis (MSP)
Oakland (OAK)

Chicago O’'Hare (ORD)
Portland (PDX)

Philadel phia (PHL)
Phoenix (PHX)
Pittsburgh (PIT)

San Diego (SAN)

Sesttle (SEA)

San Francisco (SFO)

Salt Lake City (SLC)

St. Louis (STL)
37-Airport Total/Average

Annual
Airport Ops

(000s)

773
226
463
161
270
291
457
394
310
454
870
531

236
252
330
392
361
480
764

342
254
364
546

516
909
306
406

447
244
398
442
374
517
430

Apt

Delays/Categor

23.88
1.36
0.73

26.37
3.67
4.68
6.55

10.38
6.53
1.90

19.59
9.10

65.25
1.53
2.57
6.81

11.45

29.53
3.68

24.13

46.22
4.59
6.70

NA
6.79
9.29

NA

34.46
241

17.95
7.25
6.60
331
6.37

56.57
3.53

34.04
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Rush Ops Annual Savings ($M, 1998)

Rate

/100 Ops) EDA-STAR

30.4
18.2
18.2
34.9
18.2
18.2
24.3
24.3
24.3
18.2
30.4
24.3
39.5
18.2
18.2
24.3
24.3
34.9
18.2
30.4
39.5
18.2
24.3
18.2
24.3
24.3
18.2
34.9
18.2
30.4
24.3
24.3
18.2
24.3
39.5
18.2
34.9

EDA-Direct
141 1.49
0.18 0.19
0.25 0.26
0.97 1.08
0.30 0.31
0.32 0.34
0.67 0.71
0.57 0.61
0.45 0.48
0.50 0.53
1.58 1.68
0.77 0.82
1.05 111
0.26 0.27
0.28 0.29
0.48 0.51
0.57 0.61
0.76 0.80
0.52 0.56
1.39 1.47
0.81 0.86
0.37 0.40
0.37 0.39
0.40 0.42
0.80 0.84
0.70 0.75
0.56 0.60
1.90 2.02
0.33 0.35
0.74 0.78
0.79 0.84
0.65 0.69
0.27 0.28
0.58 0.61
1.05 111
0.41 0.43
1.08 115
25.09 26.59
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EDA poses severa advantages to this Baseline metering conformance procedure:

» Clearance 1 will more frequently not be split into multiple clearances, dueto EDA’s
ability to provide initial conflict-free advisories that conform to arrival metering
constraints,

» Clearance 2 turn back, may be required less frequently, with EDA's replacement of
vectoring with speed and altitude methods for smaller delays.

» Arriva metering fix delivery accuracy will improve with more accurate Clearance 2
vector turn back under EDA, plusthe ability of EDA to fine-tune descent speedsin
Clearance 3.

EDA maneuver advisories are set up to auto-load into a datalink message format for uplink
to pilots, which will speed up clearance delivery/read back, enhancing controller workload.

Results Summary

This chapter evaluated EDA metering conformance efficiency benefits. ATM interruptions
for metering conformance delay arrival aircraft to meet airport capacity constraints. EDA
maneuver advisories assist controllersin formulating and executing atraffic delay strategy
to meet the specified arrival metering fix crossing schedule. EDA allows controllersto
quickly and accurately assess the impact of various delay strategies, and more effectively
use fuel-efficient strategies, such as speed control, resulting in lower cost metering
conformance interruptions.

It was found that EDA saved an average of 59 Ibs and 2.6 seconds or $6.80 per arrival
metering conformance interruption, for total savings of $25.09M annually assuming NAS-
wide deployment at 37-airports. Thisfue efficiency benefit was dightly increased under
arrival direct routing over conventional STAR routing. In addition, the EDA metering
conformance procedures are more strategic and require less overall workload (fewer
downstream controller corrections to conform to metering times) than under the FFP1
Baseline.

These benefit estimates are sengitive to the amount of metering delay per flight. A typical
DFW day was analyzed with per operation savings extrapolated to other airports. Although
some adjustment was made for the number of metered arrival flights at each airport, no
adjustment was made in the per operation savings. If airport have smaller per operation
delays, EDA may result in larger per operation savings because current vectoring
operations can be fully replaced with EDA speed/altitude maneuvers. Thus, NAS-wide
EDA benefit estimates would improve with evaluation of detailed smulations at additional
airports.
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4 ATM Separation Assurance Benefits

Asdiscussed in the previous chapter, air traffic controllersissue clearances that deviate
flightsfrom the users preferred trgjectory, to avert impending traffic conflicts and conform
to flow-rate restrictions. We refer to these processes of flow-rate conformance and
separation assurance conflict resolution as“ATM interruptions,” and the DST processes of
reducing and imposing more efficient traffic interruptions as“ ATM interruption benefits.”
This chapter evaluates EDA improvement to separation assurance flight interruptions. The
process includes integration of metering conformance and conflict probe DSTs. The
preceding chapter evaluated EDA improvementsto ATM arrival-metering conformance
flight interruptions.

ATM relies on accurate predictions of future flight positions within conflict probe DSTsto
accurately identify and alert ATM of the location and nature of pending conflicts. Within a
conflict probe, trgjectory prediction capabilities determine whether ATM would perceive a
predicted future encounter (i.e., predicted point of closest approach between two aircraft
being less than some standard separation distance) as a conflict requiring intervention. This
includes ATM/DST’ s ability to correctly infer the pending conflict, including itstiming
(conflict start) and severity (minimum separation of the event). It aso includesthe
controller’ s use of excess spacing buffers (that the controller uses to effect an extramargin
of safety), beyond the FAA minimum aircraft protected airspace zone (PAZ) constraint,
imposed to account for such conflict uncertainties.

With DST reduction in trajectory prediction uncertainties, controllers can become confident
in the consistency of more accurate conflict predictions, and PAZ buffers can be assumed
to shrink while maintaining the current level of safety in both the horizontal and vertical
dimensions. Indeed, current operations impose significant vertical PAZ buffers around
aircraft in climb and descent phases of flight due to limitationsin ATM knowledge of
aircraft state, intent, and aircraft climb/descent performance during the transition flight
maneuvers. With areduction in both horizontal and vertical buffers, ATM would less
frequently perceive aircraft to be in conflict, resulting in fewer ATM flight interventions,
and associated conflict resolution fuel and workload penalties. The integration of tragjectory
maneuvers to effect metering conformance (referred to here as metering conformance flight
intent) with the conflict probe tool, in particular, could significantly reduce conflict probe
prediction inaccuracies. Incorrect knowledge of route intent, such as not knowing that a
flight is being expedited (e.g. direct routing) and/or that aflight is being delayed to meet
airport or flow-rate constraints without filing aflight plan amendment, can lead to incorrect
or inaccurate DST conflict predictions and increased false and missed aert rates. Finaly,
improved DST conflict prediction will include more accurate estimation of conflicting
aircraft geometry and speeds, which may lead to more efficient resolution maneuvers.

This chapter summarizes ATM interruption benefits expected with EDA, as derived in
previous efforts [11-12]. These benefits accrue due to more accurate conflict alerts and
improved controller confidence, leading to reduced (e.g., fewer false alerts) and more
efficient (e.g., fewer missed aerts) ATM interruptions of user preferred trgjectories.

Analysis Process

The benefits methodology process employed in previous research [11-12, 45] is described
below. The sequence of analytical formulations and computer-based modelings follows the
Figure S-2 approach (and numbering) of the introduction summary section. After the
technologies of the study case are defined (1), the Trgjectory Prediction & Accuracy Model
(2) uses Basdine and EDA defined data parameter accuracies to cal cul ate the expected
position error in CTAS' conflict probe prediction. Thistiming error isthen converted into
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ATM perception values of miss distances and associated spacing buffers, that would be
imposed by air traffic controllers to limit separation minimaviolations.

These modeled controller spacing buffers, defined for Baseline and EDA cases, are then
combined with aDFW daily traffic schedule in the same ATM Interruptions Model
discussed in Chapter 3, Arrival Metering Conformance Benefits (3). Asshownin Figure
4.1, the separation assurance ATM interruption modeling componentsinitialy identify and
record conflicts and near-conflicts from the metered (delayed) traffic scenario (output from
the metering conformance model) in a conflict incident database. Near-conflicts are
included to allow the analysis of false alerts. These incidents are then filtered through an
ATM perception model to identify whether ATM would perceive the incident as a conflict
requiring resolution. This perception model reflects the level of conflict probe accuracy as
derived from the Trajectory Prediction & Accuracy Modd (2).

A resolution isidentified for each separation assurance ATM interruption and is tabulated
over the daily simulation. The ssmulated daily interruption rates and resolution costs are
then extrapolated to annual and NAS-wide levels using the economic modeling (4). These
model components are discussed in more depth with the analysis results in the next section.

e SN
- ATM/DST Attributes -
Metering Conformance | - Time Horizon Separation Assurance
ATM Interruptions 7 lirajectory Errors ATM Interruptions
- Supporting

A 4

Airspace Simulation
- Daily Schedule EIOW.sz‘te
- Undelayed Trajectorie: estrictions

[Altitude | [ Speed | | Vectoring

Delayed
Trajectories

ATM Interruption
Costs & Benefits

Figure 4.1 ATM Interruptions Model Approach

Technologies Conflict Inci
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ATM Perception

Conflict
Alerts
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Conflict Detection

Initially aset of air-traffic “demand” trgjectoriesfor atypical day within ablock of Center
airspace was defined. In this study the Fort Worth Air Route Traffic Control Center (ZFW)
airspace was analyzed, including the same arrival, departure, and overflight traffic
operations as discussed in Chapter 2, Center/TRACON Delay distribution, and Chapter 3
Arrival Metering Conformance Benefits [35]. These data represent what each arrival,
departure, and overflight trajectory would do if left aloneto fly the users’ filed route and
preferred profile, with EDA assumed to enable direct routing to the arrival-metering fix.
Both DFW arrival and departure trgjectories were modified to impose delays necessary to
meet airport capacity restrictions. These delayed trajectories, shown in Figure 4.2 define
the conflict probe traffic scenario. Departure delays were absorbed on the ground, as
ground holds. Arrival delays were absorbed en route by speed control, altitude, and/or
Vectoring maneuvers.
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DFW

Figure 4.2 Plan and Profile View of DFW Study Day Operations

A conflict detection algorithm was used to identify actual and potential conflicts that would
occur without ATM intervention(referred to as “incidents’). From the trgjectory
simulation, all potential conflict pairs were identified using a stepping agorithm, which
uses inputs of trgjectory data and Protected Airspace Zone (PAZ) bounds. In creating the
incident database, a PAZ larger than the minimum FAA separation requirement was
assumed to allow amargin of safety imposed by controllers aswell asto facilitate analysis
of false alerts. A “conflict” isidentified if an aircraft enters the PAZ of another aircraft. The
resulting Incident Database identifies al aircraft pairs that could be perceived by ATM as
requiring intervention. The database a so identifies information about the conflict including
the separation at the point of closest approach (PCA).

ATM Perception

ATM isassumed to intervene and alter conflicting trgjectories that are perceived by the
operating conflict probe tool to violate Acceptable Controller Spacing (or the controller’s
PAZ). With improved perception, fewer incidents will be perceived as requiring
intervention. ATM perception of conflict is characterized by four metrics that vary between
Baseline and EDA cases and by phase of flight:

» Tragectory Prediction Accuracy

» Acceptable Controller Spacing

* Perceived Miss Distance

* Probability of Percelved Conflict

Trajectory Prediction Accuracy is defined as a combination of position and velocity error
terms that are combined as a function of the time horizon used for the particular study case.
The process of computing trgjectory accuracy, whether it is represented as timing error or
position error at afixed point in time, is developed in Appendix A. Thisincludes calibration
of descent metering fix timing error resulting from application of TMA [30] or EDA [10]
through field observations.

Table 4.1 shows the resultant trajectory prediction error in climb, cruise, and descent
segments as combined for arrival, overflight and departure flight operations. These
categories represent the flight phase of the aircraft at the conflict point of closest approach
(PCA). A 12-minute time horizon was chosen to represent all cases. Note that shading of a
cell in Table 4.1 indicates improvement with application of EDA.
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Table 4.1 Assumed ATM Trajectory Prediction Accuracy

Units FFP1 Basdline EDA
DEP OVR ARR DEP OVR ARR
Al XR|[|R|[R[DJ]A]| R|R|R|D
12-minute Trajectory Prediction Accuracy
Predicted nm 138| 47| a7 | 47| 45| 38| 47 | 47 | 37| 40
Position Error
Up,pred(T)

* Applies to metered arrivals only.

Acceptable Controller Spacing indicates at what separation values (lateral and vertical miss
distances) ATM controllers would perceive a projected encounter as a conflict requiring
intervention. These are functions of the required minimum separation and an intentional
excess spacing buffer. This buffer is used by controllers to prevent violation of the FAA
Separation minima, given trajectory uncertainties. This concept isdisplayed in Figure 4.3
for the lateral dimension. Astrgectory uncertainties are reduced and controllers become
confident in the consistency of more accurate trgjectory predictions, this buffer is assumed
to shrink, while maintaining the current level of safety.

Acceptable Controller Spacing (ACS)

Minimum Separation |
Requirement | ¢

L

Figure 4.3 Acceptable Controller Spacing (ACS) Results from Predicted Position
Accuracy.

To bein conflict, aircraft must violate Acceptable Controller Spacing (ACS) in either the
horizontal or vertical dimensions. ACS is assumed to be dependant upon position accuracy.
Equation (4.1) is used to relate position accuracy to horizontal and vertical ACS. The
minimum separation fraction values for each flight mode are estimated based on current
system operations ACS values [30].°

ACS=ng

s T RUIE (4.1)

where: Rule = En route minimum separation requirement [42]
= 5 nm horizontally, 2000/1000 ft vertically >FL290/<FL290
O,mea = Trgectory prediction position accuracy (Table 4.1)
n = Minimum separation fraction
=(0.22, 0.67, 0.60) horizontal and (72.5, 0.0, 200.0) vertical for (climb, cruise, descent) flight segments

Using Equation (4.1), Table 4.2 shows the Baseline and improvement in ACS assumed

with the EDA case. Again, shaded cells show improvement due EDA when compared to
the previous case. Note that the arrival-cruise vertical ACS does not improve, since the

vertical ACS values are dready at the FAA minimums.

® That isthe FFP1 ACS values (shown in Table 4.3) are combined with FFPL trajectory prediction

position accuracy values of Table 4.2 and FAA minimum en route separation (Rule) to derive the minimum
separation fraction (n). Using this minimum separation fraction, EDA ACS values (Table 4.3) are
generated reflecting Table 4.2 improved EDA/EDX trajectory prediction position accuracies.
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Units FFP1 Basdine EDA
DEP OVR ARR DEP OVR ARR*

CL I R R CR | D CL | R R CR D
Horizontal ACS

En Route | nm | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 8.00 | 7.37 | 6.07
Vertical ACS

>FL290 R 3000 | 2000 | 2000 | 2000 | 3000 | 3000 | 2000 | 2000 | 2000 | 2357

<=FL 290 =3 2000 [ 1000 | 1000 [ 1000 | 2000 | 2000 | 1000 | 1000 | 1000 | 1357

Note: Bold values assumed to reflect current system operations [41].
* Applies to metered arrivals only.

Perceived Miss Distance indicates the accuracy to which ATM perceives the extent and
degree of the potential conflict. Inaccurate perception may lead to false or missed
interventions because the conflict may be perceived as more or less severe than in actuality.
This concept isillustrated in Figure 4.4 where actual aircraft tracks and miss distance (r,)
are shown with bold () lines. Dashed (--) lines show inaccurately predicted flight tracks
dueto ATM prediction errorsin heading and speed. These errors result is arange of
perceived conflict miss distances which may be nire or | ﬁs severe than the actual miss
distance.

Figure 4.4 Perceived Miss Distance results from Actual Miss Distance & Trajectory
Prediction Accuracy.

Equation (4.2) describes the incident-specific variation in ATM perceived miss distance asa
function of the technol ogy-specific trajectory prediction accuracies of the conflicting aircraft
pair:

O-rf :\/0- ;,pred,aci + G;,pred,acj 4.2

where: O, red, acx = Predicted trajectory position accuracy at point of closest approach for aircraft x (nm)

For each incident in the Incident Database, the flight mode of each aircraft at the conflict
point of closest gpproach (PCA) isidentified. The associated 12-minute trgjectory
prediction accuracies (prior to conflict start), drawn from Table 4.1, are used in Equation
(4.2) to define ATM perception miss distance error. The result is a Gaussian distribution of
miss distance for each conflict under each technology case. The mean value of this
distribution is equivalent to the actual uninterrupted Incident Database miss distance. The
miss distance distribution is compared with ACS to determining the ATM’ s probability of
perceived conflict and subsequent intervention.

A Probability of Conflict, or probability of ATM interruption, is calculated by comparing
the ACS with the conflict probe perceived attributes and actual Incident Database attributes
for each incident. This probability indicates the likelihood that a controller would perceive
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the incident as a conflict requiring intervention. Because the perceived miss distanceis
stochastic in nature, it takes the form of a Gaussian distribution, as shown in Figure 4.5,

with amean value equal to the actual miss distance. The ACS bounds (zACS) are overlaid

onto the perceived miss distance curves. The shaded region between +ACSisthe
probability that ATM would perceive thisincident as equa or less than the ACS, and
intervene to resolve the perceived conflict. The unshaded region represents the probability
that no conflict was perceived nor intervention made at the strategic conflict probe time
horizon.

Figure 4.5 shows three curves representing three possi ble outcomes, the actual miss
distanceis: (i) lessthan the minimum separation requirement (xM); (ii) larger than

minimum but less than the ACS (xACYS); or (iii) larger than the ACS. Because ATM
perception is not completely accurate, intervention or lack of intervention may be an
incorrect action. In general, ATM interruptions fall into three categories. correct, missed,
and false alerts, defined as:

* Correct Alert (CA) - Conflicts correctly perceived by ATM (i.e., minimum aircraft
separation falls below the Acceptable Controller Spacing). As aresult of correct
perception, ATM is able to resolve the impending conflict at the strategic time horizon.

* Missed Alert (MA) - Conflicts not correctly perceived by ATM. Due to conflict probe
inaccuracies, the tool identified no projected conflict. Asaresult of ATM
mi sperception, conflict detection, and the initiation of a conflict resolution maneuver,
will be delayed resulting in atactical resolution and economic penalty.

» FalseAlert (FA) - Erroneous conflicts detected by the conflict probe tool despite an
acceptable miss distance. False dertsresult in extraworkload, for controllers and
pilots, and add additional flight costs for deviations that are not necessary.

In Figure 4.5, intervention is the correct course of action in the top two scenarios because
the actual miss distance (between aircraft symbols) islessthan the ACS. In these cases, a
missed aert would result if no 12-min. intervention were made. Once ATM did perceive
these incidents, atactical intervention would be required with a shorter time horizon at a
higher cost. Conversaly, intervention in the last scenario of Figure 4.5 would be afalse
alert, and would lead to an unnecessary ATM interruption and its associated costs and
workload. Improved accuracy of the conflict probe tool would lead to atightening of the
Perceived Miss Distance curve about the mean value. As aresult, the shaded region would
be modified, reducing the number of false and missed alerts.
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Figure 4.5 Comparison of Perceived Miss Distance Curves and Acceptable Controller
Spacing (ACS) results in Probability of Conflict and Resolution Costs for
Each Type of Incident

The probability of perceived conflict, which determines the likelihood of ATM interruption
of anincident, is equivalent to the area under the perceived miss distance curve between

+ACS, calculated using Equation (4.3):
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contlict) = —er -2 .
2 zar 2 aar

where: r, = Actual missdistance at point of closest approach
ACS = Acceptable Controller Spacing (ACS)
o, = Miss distance error from Equation (4.2)
erff(x) = Integral of the standardized Gaussian distribution function from (0, x)
erf(x) :% Xe'”zdu and ’mlsz% = Integral of the normal probability distribution function
0 !

This probability determines the likelihood of ATM interruption of thisincident.

Impact of Off Flight Plan/Incorrect Intent

In the current system, flights are frequently diverted off the filed flight plan for avariety of
reasons including metering conformance, conflict avoidance, and accommodation of
requests for direct routes. If these deviations are not recorded as a flight path amendment,
ATM and conflict probe DSTs are unaware of the changed aircraft intent. The lack of
updated intent degrades conflict probe trgectory prediction, frequently resulting in afalse
alert for the original conflict, and/or a missed aert on the new route. Future integrated
conflict probe, direct routing, and metering conformance tools will assist controllersin
recording these intent changes. Alternatively, aircraft downlink of its next few waypoints
could correct conflict probe aircraft intent errors.  In both cases, the improved knowledge
of aircraft intent leads to conflict probe performance benefits.

Figure 4.6 illustrates a situation where an eastbound aircraft’ s filed flight plan route
supposedly conflicts with a southeast flight (actually afalse dlarm). To avoid this, the
controller vectors the eastbound aircraft for spacing conformance but fails to record this
change as aflight plan amendment. Asaresult, theinitial presumed conflict is avoided
(false alert), but isreplaced by a new undetected conflict (missed alert) with a second
southeast flight.

s A
Plan for Spacing Missed ~**
Conformance Alert

Figure 4.6 Off-flight Plan Effect on ATM Perception

The analysis accounted for inaccurate intent information as part of ATM perception. If an
aircraft is off-flight plan, the bad intent data changes the ATM perception attributes of
Figure 4.5 dlightly, as shown in Figure 4.7. The key change is the shift of the second
aircraft’ sactual location, reflecting a gap between the perceived (flight plan) and actual (off
flight plan) miss distance. Thus, the perceived miss distance curve is still centered about the
flight plan intent, which no longer matches the actual intent of the aircraft. Per the scenario
of Figure 4.7, bad intent resultsin asignificantly higher probability for the, now false alert,
conflict than would occur with good intent information.
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Figure 4.7 Off-Flight-Plan Probability of Conflict Estimation

For this study, it is assumed that a controller would clear the aircraft to a route that would
avoid any original flight plan-based conflict, while not creating any new conflicts. This
approach implies that the off-flight plan route would avoid the flight-plan-based conflict,
converting it to afalse alert. The off-flight plan location of the second aircraft was assumed

to be outside the ACS (zR) by a distance equal to the horizontal ACS safety buffer (ACS —
FAA minimum Rule). Thisresultsin the solid off-flight plan curve of Figure 4.7
(regardless of the original miss distance attributes). Thus, under erroneousintent, ATM’s
perceived probability of conflict would not change, implied by the area under the original
Flight Plan-based location between the ACS bounds, but it would now represent afalse
alert, asthe off-flight plan route avoided the conflict and thus no intervention is necessary.

Using this approach, alack of accurate intent datawill result in a higher frequency of false
alerts. Probability of conflict is calculated for both accurate and inaccurate intent Situations
and combined based on the weighted frequency of inaccurate intent information.

The frequency of aircraft off-flight plan intent errors is assumed to vary by case, as shown
in Table 4.3. Inthe FFP1 Baseling, full intent errors are assumed in all flight modes,
reflecting the lack of integration of the metering (TMA) and the conflict probe tools and no
downlinked aircraft intent. The frequency of inaccurate intent was assumed to be 15% for
all flight modes, based on discussions with conflict probe experts [41] and Indianapolis
Center observations that only 18% of al route clearances are documented [43]. With the
integration of arrival metering/conflict probe in the EDA case, metered arrival intent errors
are assumed to be removed, while departure and overflight intent inaccuracy remains
unchanged.

Table 4.3 Frequency of Off-Flight-Plan Route Intent Error

Units FFP1 Basdline EDA
DEP OVR ARR DEP OVR ARR*
Off Flight Plan Route Intent Error Frequency
: Rfleﬁn(;wate 15% | 15% | 15% | 15% | 15% | 15% | 15% | 15% 0% 0%

Accurate Intent 85% | 85%

85%

85% | 85%

85% | 85%

85%

100% | 100%

* Applies to metered arrivals only.
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FFP1 Perception Limitations

Additional processing was performed on the FFP1 Incident database to account for its
unique ATM perception limitations. As discussed previously, the conflict probe tool
assumed in the FFP1 case, has access only to the originally filed aircraft flight plans. As
such, it'sATM perception is hindered, increasing the missed and fal se derts that either are
avoided or encountered when the flights are delayed to meet the TMA schedule. Because
the EDA conflict probe tool has access to the CTA S-devel oped advisories supplied to the
controllers to meet the TMA schedule, these misperceptions are removed.

To reflect the degraded FFP1 Perception, Incident Databases were devel oped from both the
origina (filed flight plan) and metered (delayed) trajectories. These two Incident Databases
were then combined, by adjusting the probability of conflict and resolution costs, as

appropriate.

Conflict Resolution

For each perceived conflict recorded in the Incident Database, a resolution cost was
defined. Thisfuel cost penalty represents the cost just to avert a conflict, at the given time
horizon. ATM shaded (interrupt) and unshaded (no interrupt) action probabilities of Figure
4.5 are tied to resolution costs, resulting in aweighted resolution cost for each conflict or
predicted conflict. The costs of the shaded and unshaded actions are conceptually noted in
Figure 4.5. In general, correct alertsincur aresolution cost initiated at the technology’s
expected time horizon. Missed aertsincur a more expensive resolution cost, initiated at a
shorter time horizon (i.e., 5 minutes). False aerts were assigned asmall cost related to
resolving a non-conflict that would not actually have occurred.

The conflict resolutions are achieved with heading changes, sensitive to conflict geometry
and severity, with the resolution maneuver split between the involved aircraft. The
trgjectories were not changed to implement the ATM intervention action; rather, the
intervention was used to identify a representative cost penalty for the interruption. Three
types of ATM intervention costs were identified: correct, false, and missed alerts. As
previously discussed, the resolution cost of each type differsin its time horizon and conflict
severity.

The resolution maneuver includes heading changes and steady level flight segment
components. Conflict resolutions from altitude or speed changes were not examined. The
fuel costs of executing these flight segments were summed and compared to the fuel costs
of uninterrupted flight. For all maneuvers, the resolution of the conflict resulted in an
increase in path distance with constant speed. The change in path distance was converted
to atime value based on the aircraft speed, multiplied by afuelburn rate (per unit time), and
aBaseline cost of fuel ($0.10/Ib). The fuelburn rates, included in Appendix E, were based
on Eurocontrol’s BADA performance data [37], sensitive to atitude, flight mode (climb,
cruise, and descent), and aircraft class.

Economic Analysis

The number and cost of ATM interruptions was tallied for each scenario by applying the
ATM resolution strategies to conflicts, as perceived by ATM. The probability of conflict,
based on scenario-specific ATM perception, was used to weight the overall interruption
cost for each incident of the Incident Database. Fudl costsfor resolving al ATM perceived
conflicts from the 24-hour incident database were tabulated. By comparing the costs of
changesin ATM interruptions to a Baseline system, expected daily fuel cost savings were
identified.

Table 4.4 summarizes the number and type of ATM perceived conflicts ssimulated under
each case, categorized as correct (CA), missed (MA), and false (FA) aerts. Table 4.5
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identifies only the perceived conflictsinvolving arrival flights. Each conflict implies
interrupting one or both flights to maintain separation. These ATM interruptions resolve
conflicts between aircraft pairs of various typesincluding DFW arrivals (ARR), DFW
departures (DEP), and overflights (OVR, including satellite airport operations) within the
DFW en route/transition airspace. Arrival-Arrival and Departure-Departure aerts with
PCAs larger than the FAA minimum separation rule (5 nm) were not included (NAsin
Table 4.4). Because controllers closely monitor these streams at tight in-trail spacing during
rush periods (assumed to be 5.5 nm for this study), conflict a erts between these aircraft
can be anuisance and is frequently deactivated [41]. Additionally, it should be noted that
although EDA metering conformance maneuver advisories are designed to be conflict-free,
where possible with al other traffic, this de-confliction was not fully accounted for in the
modeling of EDA trgjectories. Thus, EDA conflict aertsinvolving metered arrivals (over
80 percent of al identified arrival conflicts) would likely be significantly lower than
identified in Tables 4.4 and 4.5.

As comparison of the scenarios in Table 4.5 shows, the total number of conflicts declines
with EDA enhancements by 5-7 percent. Additionally the number of false and missed alerts
declines, a 24-30 percent improvement for missed and 19-21 percent for false alerts, with
missed and false alert rates improving by 15- 20 percent. Indeed, the number of arrival-
arrival missed alerts decline by over 60 percent. A key controller workload benefit, the
reduced false and missed aerts are largely due to the integration of metering conformance
flight changes with conflict probe functions.

A comparison of EDA-STAR and EDA-Direct casesin Tables 4.4 shows that either EDA
case provides significant improvement over the FFP1 Baseline. Under the EDA-Direct
arrivals case, the results show a dightly smaller number of conflicts less than the FAA
minima (PCA<Rule), but sightly more missed and false derts.
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Table 4.4 Number and Category of Separation Assurance Conflicts

Number of ATM Resolutions

PCA<Rule Rule<PCA<ACS PCA >ACS Metrics
CA MA CA MA EA Total Rua Rea
FFP1 Baseline
OVR-OVR 122 86 170 180 291 848 48% 52%
OVR-ARR 39 44 62 119 185 449 62% 70%
OVR-DEP 26 56 47 142 227 498 73% 84%
ARR-DEP 4 9 7 34 55 110 80% 102%
DEP-DEP 13 24 NA NA NA 37 NA NA
ARR-ARR 58 87 NA NA NA 145 NA NA
Tota 263 307 286 474 758 2.087 59% 67%
EDA — STAR Arrivals
OVR-OVR 131 77 156 159 259 782 45% 50%
OVR-ARR 64 27 93 72 124 380 3% 48%
OVR-DEP 48 35 79 93 161 416 50% 63%
ARR-DEP 7 8 18 23 54 110 56% 98%
DEP-DEP 18 20 NA NA NA 37 NA NA
ARR-ARR 173 32 NA NA NA 205 NA NA
Tota 440 198 346 347 599 1.930 46% 56%
EDA - Direct Arrivals

OVR-OVR 131 77 156 159 259 782 45% 50%
OVR-ARR 67 30 94 82 120 392 41% 44%
OVR-DEP 48 35 79 93 161 416 50% 63%
ARR-DEP 15 19 34 50 76 195 58% 65%
DEP-DEP 18 20 NA NA NA 37 NA NA
ARR-ARR 142 25 NA NA NA 167 NA NA
Tota 421 205 364 383 617 1.989 47% 53%

Note: EDA arrival conflicts do not reflect EDA conflict-free metering conformance advisories, which would limit
separation assurance conflict alerts.

PCA = Point of Closest Approach distance, Rule = FAA minima, ACS = Acceptable Controller Spacing
ARR = DFW Arrival, DEP = DFW Departure, OVR = Overflight/Satellite

Table 4.5 looks in detail at the arrival conflicts. Unlike Table 4.4, it includes conflicts
exceeding FAA minimums (PCA>Rule). The changes between scenarios reflect the
differencesin arrival metering conformance flight changes under Baseline and EDA
operations (per Chapter 3), the EDA integration of these flight changes with conflict probe,
and the EDA reduction in the ACS. Despite this complex interplay of changes, the overall
pictureisareductionin arriva conflicts by 9 percent and a halving of the missed and false
aert rates, signaling significant controller workload savings. The number of conflicts
above FAA minimums but below ACS declines, and in both categories EDA shows a
significant shift from missed to correct derts. Additionally, the number of arrival missed
and false derts are reduced by 62 and 35 percent, respectively. These changesal
contribute to sharp fall in missed/false aert rates from 62/61 percent to 31/37 percent. It
should be noted that these benefits gppear to be diluted by the fact that the modeled EDA
arrival metering conformance flight changes lead to more arrival conflicts than Baseline
metering strategies, as shown by the EDA increase of 70 conflicts below FAA minimums
(PCA < Rule). Infact, amore accurate modeling of EDA metering conformance flight
changes would show areduction in conflicts, since EDA attempts to advise conflict-free
metering conformance maneuvers[44]. Despite the EDA modeling limitation, the Table
4.5 resultsindicate that the EDA improvementsin Arrival-Arrival conflict rates (59/48 to
22/22 for missed and false alerts respectively) may alow controllers to better utilize the
conflict probe for such conflicts. Under existing uncertainties, the conflict probeis
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generally de-activated for high-density arrival flows due to excessive workload issues
related to conflict probe errors [41].

Table 4.5 DFW Arrival Separation Assurance Conflicts Detail

Number of ATM Resolutions

PCA<Rule PCA<ACS PCA >ACS Metrics
CA MA CA MA EA Total Rua Rea
FFP1 Baseline
OVR-ARR 39 44 62 119 185 449 62% 70%
ARR-DEP 4 9 7 34 55 110 80% 102%
ARR-ARR 58 87 86 124 172 527 59% 48%
Tota 101 140 156 277 412 1.086 62% 61%
EDA — STAR Arrivals

OVR-ARR 64 27 93 72 124 380 3% 48%
ARR-DEP 7 8 18 23 54 110 59% 98%
ARR-ARR 173 32 143 57 90 494 22% 22%
Tota 244 67 254 152 268 984 31% 37%

Note: EDA arrival conflicts do not reflect EDA conflict-free metering conformance advisories, which would limit
separation assurance conflict alerts.

Table 4.6 summarizes the number of EDA separation assurance interruptions and the
associated average and daily resolution costs from the DFW simulation. The interruption
rate is based on the interruptions per 8,003 total simulation daily operations (arrival,
departure and overflight). Note that only fuel costs were tabulated in the horizontal
vectoring resolution maneuvers. Additionally, despite adightly higher interrupt rate in the
EDA-Direct case rlativeto EDA-STAR case, the smaller per operation resolution cost
resulted in lower daily interruption costs.

Table 4.6 DFW Separation Assurance Conflict Rates and Costs

Interrupts Resolution Cost
Number Rate/1000ps  ($/op) (Yday)
FFP1 Baseline 2,087 26.1 $1.98 $4,123
EDA - STAR 1,930 24.1 $1.90 $3,660
EDA - Direct 1,989 24.9 $1.79 $3,552

Aswith other benefit mechanismsin this report, these daily DFW savings were
extrapolated to an annual NAS-wide level by accounting for the total number of 1996
operations at each facility. Asin other chapters, the smple extrapolation employs Equation
(4.4) and (4.5) to estimate benefits.

Annual Cost = (Annual Ops) x (Interrupt Rate) x (Cost Per Interrupt) (4.49)
Annual Savings = Annual Cost rrp1 — Annual Cost epa (4.5)
where: Annual Ops = Annual ARTCC operations (00s) (Appendix B)

Interrupt Rate = Number of interruptions per 100 ARTCC operations (Table 4.6)
Cost Per Interrupt = Average cost per interruption (Table 4.6)

The interruption rates and costs observed in the daily ssimulation and used in Equation (4.4)
areincluded in Table 4.6. The annual ARTCC operations [36] and annual savings by
airport are shown in Table 4.6. The annual savings are plotted graphically by airport in
Figure 4.8. Thetotal annual EDA benefits at any one ARTCC ranges from under $0.10M
in ZOA and ZSE to amost $0.20M at ZOB and ZAU, with NAS-wide ARTCC annual
benefit of over $2M. EDA with direct route arrivals saved approximately 23 percent more
than STAR routes.
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It should be noted that the similar benefits estimated for the EDA-STAR and EDA-Direct
casesimpliesthat direct arrival routing does not inhibit EDA separation assurance
interruption improvements. Despite adightly higher interrupt rate in the EDA-Direct case,
the smaller per operation resolution cost resulted in larger overall annual/NAS-wide
benefits. These results indicate that automation may allow aircraft to file for their user-
preferred direct routeswith ATM DST assisted management and monitoring, interrupting
these routes only as required for metering conformance and separation assurance
interruptions. Thus, during non-rush periods user-preferred direct arrival routes would
save both time and fuel. During metering, no time savings would accrue due to delays but,
asthe resultsin the previous chapter show, the metering conformance direct arrival route
actions have adight fuel advantage, without adverse impact on metering conformance
workload. Such direct arrival routing benefits are enabled by EDA automation, allowing
controllersto dynamically adhere to metering constraints without restricting aircraft to
common arrival paths. For consistency across EDA benefit mechanisms, only the EDA-
STAR results are shown in the summary chapter benefits matrix. The EDA-STAR values
are more conservative.

It should also be noted that the estimates do not account for the significant controller
workload. Controller workload is enhanced by EDA assistance in strategic planning to
meet the dual objectives of separation assurance and compliance with flow-rate restrictions.
The improved metered arrival prediction and integration of flow-rate conformance flight
changes with conflict probe functions, greatly reduces the probability of missed or nuisance
(false) conflict alerts. Indeed, the analysisidentified ahalving of the arrival missed and
fase dert ratesunder EDA, in addition to the EDA reduction in overall detected conflicts.
Safety a so benefits with enhanced surveillance under improved EDA metered arrival
trgjectory prediction capabilities.

65




En Route Descent Advisor Benefits

Table 4.6 EDA Separation Assurance ATM Interruptions Benefits

Airport

Atlanta (ATL)

Nashville (BNA)

Boston (BOS)

Bradley (BDL)

Batimore (BWI)
Cleveland (CLE)
Charlotte (CLT)
Cincinnati (CVG)
Washington National (DCA)
Denver (DEN)

Dallas — Ft. Worth (DFW)
Detroit (DTW)

Newark (EWR)

Ft. Lauderdale (FLL)
Houston Hobby (HOU)
Washington Dulles (IAD)
Houston — Intercontinental (IAH)
N.Y. Kennedy (JFK)
LasVegas(LAS)
LosAngeles (LAX)

N.Y. LaGuardia (LGA)
Orlando (MCO)

Chicago Midway (MDW)
Memphis (MEM)

Miami (MIA)
Minneapolis (MSP)
Oakland (OAK)

Chicago O’'Hare (ORD)
Portland (PDX)
Philadelphia (PHL)
Phoenix (PHX)
Pittsburgh (PIT)

San Diego (SAN)

Sesttle (SEA)

San Francisco (SFO)

Salt Lake City (SLC)

St. Louis (STL)

37-Airport Total/Average

ZME
ZMA
ZMP
ZOA
ZAU
ZSE
ZNY
ZAB
Z0B
ZLA
ZSE
Z0A
ZLC
ZKC

Annual

ARTCC ARTCC Ops

(000s)
2,453
1,727
1,978
1,727
2,331
2,870
2,453
2,222
2,331
1,527
2,118
2,870
2,040
1,542
1,853
2,331
1,853
2,040
1,981
1,981
2,040
1,878
2,894
1,978
1,542
2,027
1,368
2,894
1,393
2,040
1,505
2,870
1,981
1,393
1,368
1,509
1.986

39,202

Annual Savings ($M, 1998)

EDA-STAR  EDA-Direct
0.14 0.18
0.10 0.12
0.11 0.14
0.10 0.12
0.14 0.17
0.17 0.21
0.14 0.18
0.13 0.16
0.14 0.17
0.09 0.11
0.12 0.15
0.17 0.21
0.12 0.15
0.09 0.11
0.11 0.13
0.14 0.17
0.11 0.13
0.12 0.15
0.12 0.14
0.12 0.14
0.12 0.15
0.11 0.13
0.17 0.21
0.11 0.14
0.09 0.11
0.12 0.14
0.08 0.10
0.17 0.21
0.08 0.10
0.12 0.15
0.09 0.11
0.17 0.21
0.12 0.14
0.08 0.10
0.08 0.10
0.09 0.11
0.12 0.14
2.28 2.80

* Totals include only one instance of each ARTCC, excluding the shaded ARTCC operations separation assurance operations.
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Figure 4.8 EDA Separation Assurance ATM Interruptions Benefits

Results Summary

This chapter evaluated EDA separation assurance interruption benefits. ATM relieson
accurate predictions of flight trgjectories within its conflict probe tool to accurately identify
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the location and nature of pending separation assurance violations. With more accurate
EDA arrival trgjectory predictions (EDA advisories and updated intent), ATM perception
errors (false and missed aerts) would be reduced, resulting in fewer ATM flight
interventions and associated resolution fuel penalties. Additionally, improved traffic
conflict prediction will include more accurate estimation of conflict geometry and speeds,
leading to more efficient resolution maneuvers.

It was found that EDA reduced separation assurance interruptions by 5 percent with each
interruption savings an average of 0.8 |bs or $0.08, for total savings of $2.80M annually
assuming NAS-wide deployment at 37-airports. More significantly, use of the EDA tool
requires less overall workload primarily because of the integration with metering
conformance flight intent, reducing the number of missed and false alerts by 30 and 21
percent, respectively. Asaresult, EDA enhances overall safety, enables strategic controller
planning across multiple sectors, and reduces nuisance conflict alerts.

These benefit estimates are sensitive to ARTCC traffic routing complexity. A typical day of
ZFW Center activity was analyzed with interruption rates and per operation savings
extrapolated to other airports. The NAS-wide EDA benefit estimates would be enhanced
with more comprehensive evaluation of the en route traffic routing of various facilities.

68




En Route Descent Advisor Benefits

5. Arrival Trajectory Optimization Benefits

Arrivalsinto high-density terminal airspace are currently subject to static restrictions and
procedures that impact their en route trgjectory efficiency. These restrictions are primarily
imposed to manage and segregate arrival flows given arrival trgjectory prediction
uncertainty and arrival rate variability, aswell as account for performance differences
among aircraft types. Theserestrictions typicaly involve the use of ATM-defined Standard
Termina Arrival Routes (STARS), including altitude and speed restrictions at the metering
fix (TRACON entry). Procedurestypically merge flightsinto arrival streams upstream of
the metering fix. EDA enables two general types of trgectory optimization benefits,
relative to such operations: optimization to existing metering fix restrictions; and the
relaxation of metering fix restrictions enabled by precise metering.

Given existing metering fix restrictions, EDA maneuver advisories can facilitate efficient
conflict-free, arrival metering conformance without the need for merging arrivals upstream
of the metering fix. EDA predicts and address any conflicts with crossing traffic and
coordination among airspace sectors. Such optimization would allow aircraft to spend the
maximum amount of timein cruise and provide a direct route to the arrival metering fix.
These benefit mechanisms are referred to here as Top-of-Descent (TOD) optimization and
arrival direct routing, respectively. Although controllers are currently able to facilitate such
flight optimization under light traffic, arrival metering increases the complexity and
uncertainty leading to more conservative controller clearances and increased arrival fuel
consumption.

Additionally, EDA tragectory prediction and metering conformance accuracy could also
enable the relaxation of existing static arrival restrictions, allowing greater fuel efficiency
and user flexibility. Thus, it may no longer be necessary to force al arrivalsto converge at
the TRACON boundary (i.e. arrival metering fixes) at acommon altitude, speed, and
position when EDA maneuver advisories enable en route controllers to deliver aircraft to the
TRACON in the required state and sequence for merging. Such arelaxation of constraints
(horizontal/vertical anchor point concepts) would alow each aircraft to operate in amore
efficient manner according to its performance characteristics. This dynamic movement of
the metering fix or anchor point downstream into the TRACON isreferred to here asthe
vertical and horizontal anchor point concepts. These concept effectively realize the industry
[2] objective of delaying arrival merging aslong as safely possible.

Four EDA mechanisms optimizing arrival trgjectories were eval uated:

» Existing Metering Fix Restrictions - Top of Descent (TOD) Optimization,
» Existing Metering Fix Restrictions - Arrival Direct Routing,

» Relaxed Metering Fix Restrictions - Horizontal Anchor Point, and

* Relaxed Metering Fix Restrictions - Vertical Anchor Point.

The TOD optimization and vertical anchor point mechanisms shift the TOD location
downstream, minimizing power-on flight at lower altitudes (early descents) and delaying
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the start of the descent. The direct routing and horizontal anchor point mechanisms
attempting to shorten aircraft flight path lengths. All mechanisms impact fuel consumption.
Additionally, controller workload is also expected to benefit from the assistance of the EDA
advisories, the enhanced situational awareness, and confidence in conflict-free clearances
that meet separation requirements and flow-rate restrictions.

After an overview of the analysis process, this chapter begins by identifying the baseline
(radar) data employed in the analysis of all four EDA trgjectory optimization mechanisms.
Thisisfollowed by four sections which assess per operation benefits of each mechanism.
At the end of the chapter, all four mechanisms are extrapolated together to annual/NAS-
wide levels.

Analysis Process

The overall sequence of analytical formulations and computer-based modelings follows a
smplified approach relative to that of Figure S.1 in the introduction summary section.
These findings were identified in past benefits studies of EDA, previously termed Sector
Tool, mechanisms [18-20]. Initially, the technology requirements aswell as Baseline and
EDA trgectory profiles are defined (1). Flight improvements are identified by comparing
Baseline operations, represented by radar track data from five airports (ATL, BOS, DFW,
LAS, LAX), to EDA optimized trgjectories (3). Per operation distance improvement is
based on analysis of three hourly high-demand periods at each airport. In most cases, these
EDA path distance savings were converted to fuel savings, assuming aircraft specific
fuelburn rates from an analytical model. In the case of TOD optimization, theoretical fuel
savings, using a higher fidelity aircraft performance model, were defined relative to anidle
descent at the optimum TOD location (2). The resulting 5-airport average per operation
EDA savings are then extrapolated to annual and NAS-wide levels (4). Mechanismstied to
existing metering fix restrictions are assumed to extend to metered arrivals only (non-
metered arrival optimization currently practiced), while the new relaxed metering fix
benefits are applicableto al arrival operations.

Note that for all mechanisms, it is assumed that the arrival flight trgjectory could be
changed without a significant increase doe to conflicts with traffic or restricted airspace.
EDA would facilitate the efficient resolution of these conflicts while enabling the user-
preferred optimal trajectory, as supported by Chapter 4, Separation Assurance Benefits,
findings that EDA automation assi stance improved separation assurance tasks.
Additionally, only fuel efficiency are tabulated, despite the ability of path shortening to save
time in non-metered conditions, leading to additional benefits.

Where applicable, an analytical model was used to determine fuelburn per nautical mile for
over 20 aircraft types. Thismodel applies performance and operating procedure coefficients
for various aircraft types. The fuelburn results from this model were calibrated using a
high-fidelity model. Note that the results of thisinvestigation are differencesin (modeled)
fuelburn ascribed to actua (radar) and more-efficient EDA trgjectories. The analytical
aircraft models are sufficient to determine trends and differences in fuelburn. The aircraft
types and input parameters (typical weight, airspeed, and cruise) used in this investigation
arelisted in Appendix F. The database of aircraft parameters, the Base of Aircraft Data
(BADA), used in the model, was provided by the Eurocontrol Experimental Center [37].
Aircraft coefficients from BADA are used to calculate thrust, drag, and fuel flow. The
results were used to determine the fuel-savings benefit of the vertical anchor point,
horizontal anchor point, and direct routing mechanisms. Use of a higher-fidelity aircraft
performance model is discussed with the TOD optimization mechanism.

70




En Route Descent Advisor Benefits

The model components are discussed in more depth with the analysis resultsin the
following sections. Note that the Baseline radar data used by all four trajectory
optimization mechanismsis discussed initially, followed by the estimation of per operation
savings for each mechanism, concluding with the extrapolation of al EDA trgectory
optimization mechanisms to annual/NA S-wide benefit estimates.

Baseline Traffic & Trajectory Data

Radar-tracking data from the four Air Route Traffic Control Centers (ARTCCs) were used
to determine Baseline arrival trgjectories at five major airports to evaluate the four EDA
Trajectory Optimization benefit mechanisms. Aircraft trajectories were studied to determine
current en-route procedures and the potentia for improvement. System Analysis Recording
(SAR) radar track data were obtained for a 24-hour period from each Center. Three hours
of data were then selected to represent pre-rush, rush, and post-rush conditions. These
data, reflecting five major airports and a variety of airspace environments and traffic
conditions, were processed to statistically identify information relevant to the EDA

trg ectories optimization mechanisms, included in later sections. By examining actud
aircraft tracks, the degree, if any, to which these mechanisms could be applied was
determined.

The chosen sites include the following:

o DadlasFt. Worth International Airport (DFW), Ft. Worth Center (ZFW)

» Chicago O’ Hare Airport (ORD), Chicago Center (ZAU),

» Boston Logan International Airport (BOS), Boston Center (ZBW),

* LasVegasMcCarran Internationa Airport (LAS), Los Angeles Center (ZLA), and

* LosAngeesInternationa Airport (LAX), Los Angeles Center (ZLA).

Figure 5.1 compares the total number of hourly radar operations at each study airport. The
three study hours at each airport are also noted. The number of operations studied in this

analysis may differ from actual operations due to incomplete and anomalous radar tracks,
the fleet mix of the sampleisgivenin Table 5.1.

Figure 5.2 illustrates actua arrival (red) and departure (blue) traffic for arepresentative
peak hour over-layed on IFR En Route Low Altitude Charts. Note that LAS haslarge
Specia Use Airgpace regionsto the north, LAX is bordered to the West by the Pacific
Ocean, and BOS is bordered to the East by the Atlantic Ocean.
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Figure 5.1 Radar Data Hourly Throughput by Airport
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Table 5.1 Radar Sample Airport Fleet Mix

FAA Weight Airport Fleet mix

Class BOS DFW LAS LAX  ORD
Small 3% 2% 2% 5% 5%
Large 83% 84% 59% 42% 85%
Heavy 15% 13% 39% 53% 10%
Total 100% 100%  100% 100%  100%

Figure 5.2 Arrival (Red) and Departure (Blue) Peak Period Traffic at Study Airports

Existing Metering Fix Restrictions - TOD Optimization

EDA provides fudl-efficiency benefits for metered arrival aircraft by facilitating aircraft
optimal (idle thrust) TOD location. Thisanalysis estimates the potential fuel savings per
operation by comparing the fuelburn of flights under Baseline and idle-thrust Top-of-
Descent (TOD) locations, enabled by EDA. Basdline operations reflect 1996 radar track
observations at the five study airports. EDA idle-thrust descent fuelburn is derived from
simulations of asingle B727 aircraft, extrapolated fleet-wide using Eurocontrol Base of

Aircraft Data (BADA) [37].
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Baseline & EDA Descent Profiles

The Top-of-Descent (TOD) optimization mechanism affects the vertical-profile of an aircraft
descent trgjectory from cruise to the metering fix atitude, while maintaining current arriva
metering fix restrictions. The vertical profile was assumed to be enhanced by moving the
top of descent (TOD) location downstream to minimize power-on flight at lower atitude
(i.e., early descents). Positioning of the TOD location is constrained such that the location
of the bottom of descent (BOD) coincides with the existing metering fix. Ideally, the TOD
ismoved as far downstream as possible while still providing the aircraft with enough range
to cross the metering fix at the bottom of descent under an idle descent starting at the cruise
altitude. Thisresultsin a steep descent profile. Varying the TOD location, while fixing the
BOD or metering fix, resultsin a set of continuous descent profiles ranging from early,
gradual descent profilesto late, steep profiles, as shown in Figure 5.3. The steepest
descent profilein the figure represents the optimal idle-thrust descent at a given speed.
Different TOD locations reflect early descents at the given speed. Continuous descent
profiles, supported by EDA, are preferable to step descent profiles because of their
improved fuel efficiency.

Top of Descent

1 ) TOD; TOD, TOD; TODgy

N

Altitude

MF

Bottom of Descent
Range

Figure 5.3 Early and Optimal (Idle) Descent TOD Locations for a Given Speed

Early descents may also take the form of step descents, as shown in bold in Figure 5.3. A
step-descent profile may consist of one or more descent segments separated by level flight
segments. Air traffic controllers may use step descents to ensure conflict avoidance. In this
analysis descents (continuous or stepped) are modeled by an equivaent constant flight path
angle. Asthe TOD location is moved downstream, the flight path angle, y, becomes
steeper, closer to the optimal idle-thrust descent profile.

EDA Optimal Vertical Profile

EDA-enabled TOD locations were assumed to be the latest point where an aircraft can begin
an idle descent and hit the existing bottom of descent (BOD) location (and atitude),
assumed to satisfy existing arrival metering fix restrictions. The aircraft-specific cruise to
arrival metering fix altitude change (from the radar data), and nomina aircraft-specific
descent speeds were used to identify the optimal TOD location for each flight under idle
descent. Note that the tragjectory of an idle-thrust descent does not have a constant flight
path angle.
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Baseline Vertical Profile

FFP1 Baseline TOD locations were determined from aircraft radar track data. The radar-
tracking data were used to determine trgjectory baselines for comparison with idle-thrust
TOD trgectories, enabled with EDA. Observed DFW arrival trgjectories from the cruise to
metering fix atitude were studied to determine the frequency of early descents, i.e., earlier
than necessary TOD locations, given existing speeds, winds, and metering fix restrictions.
After accounting for variations due to cruise/MF altitudes and TOD/BOD range, the data
revealed a spectrum of current aircraft TOD locations, which represent flights that could
have benefited from alater TOD. Each observed (radar) descent trajectory, including both
continuous and step descents, was characterized in the analysis with an equiva ent constant
flight path angle. Thisflight path angle was based on observed TOD and BOD flight range
and atitudes, and assumed nominal descent speeds provided in Appendix F.

Evauation of the radar data at the five airports resulted in a spectrum of actua TOD
locations (i.e., equivalent flight path angles) for each airport. The airport variationsin the
radar-based flight path angles are shown in Figure 5.4. The three hour were combined as
the observed vertical profiles did not vary significantly between the hours studied. Note
that the observed flight path angles, despite the mix of aircraft, resemble anormal
distribution with a mean of just over two degrees. BOS and LAS do not follow thistrend,
likely because of their smaller sample size.

Additionally, as discussed later in this section, the baseline flight path angles were limited
to 2 degrees or greater, in order to conservatively account for the simplified fleet-wide
extrapolation method used in this analysis.
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Figure 5.4 B727 Constant Flight Path Angle Descent Fuelburn Relative to Idle-Thruust
Descent

Fuelburn by TOD Location

For thisinvestigation, a set of high-fidelity smulations for asingle aircraft were made to
determine descent fuel consumption for a series of flight path angles and descent speeds,
and extrapolated to reflect various aircraft types[18-20]. In the TOD optimization analys's,
different constant flight path angle descent trajectories are assumed to reflect different
Baseline TOD locations, and compared to the optimal EDA case of an idle-thrust descent.

The high-fidelity simulation results reflect asingle 130,000 |b, B727-200 aircraft
descending from 33,000 ft to 11,000 ft, with the speed schedules described in Table 5.2.
Each trajectory was simulated over arange of 100 nm and was constrained to meet the
samefinal arrival metering fix/bottom-of-descent (BOD) location, atitude and 250 kt
airspeed regtrictions. Constant Mach/CAS schedules were used in each ssimulation;
therefore, either flight path angle or thrust was fixed, but not both. Figure 5.5 shows the
simulated constant flight path angles and idle thrust descent trajectories.
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Table 5.2 Assumed B727-200 Descent Simulation Speed Schedules

Constant Mach Constant CAS (kt)
0.72 260
0.75 280
0.78 300
0.80 320
0.82 340
0.84 350
35000
300005
£ 25000
8 1
£ 200002
150002
10000 e

0 10 20 30 40 50 60 70 80 90 100
Range (nm)

Figure 5.5 Simulated B727 Constant Flight Path Angle and Idle-Thrust Descent
Profiles [18]

Figure 5.6 shows the amount of additional fuel consumed for each angle of descent relative
to the idle descent case for the smulated B727-200 aircraft. The idle-thrust descent profile
provided limited fuel savings over the case of the stegpest constant flight path angle, y =
3.5°. However, fuel consumption did increase notably with more shallow descents, with
the most shallow case, y = 2.5° descent, consuming 18 percent more fuel than theidle
descent. Note also, that B727 fuel savings decreased under slower descent speeds, for a
given flight path angle, due to shallower idle-thrust descents at slower speeds.
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Figure 5.6 B727 Constant Flight Path Angle Descent Fuelburn Relative to Idle-Thrust
Descent
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To cover the spectrum of aircraft observed at the study airports, the high-fidelity B727
fuelburn results were extrapolated to over 20 aircraft classes using fuel-scale factors
derived from Eurocontrol BADA aircraft performance characteristic data[37]. The fuel-
scale factors, ranging from 0.15 to 5.75, can be found in Appendix F. Additionally, since
this extrapolation method represents a significant ssimplification of actual descent fuelburn
for these aircraft, the baseline flight path angle was limited to 2 degrees or greater.

TOD Optimization Fuel Savings

To estimate EDA TOD Optimization benefits, the spectrum of Baseline TOD locations (and
equivalent constant flight path angles) as observed in the 3-hour radar track data for each
airport, were compared to EDA idle-thrust flight-path angles to determine fuel savings. The
data from Figure 5.6 were used to estimate the aircraft-specific fuel savings from shifting
the observed equivaent constant flight path angle (i.e., TOD location) to the optimal idle-
thrust TOD location at an assumed nominal descent speed (Appendix A). A fuel-scale factor
was applied to scale the B727 savings to the particular aircraft type. The resulting benefit is
measured in excess pounds of fuel used, over an idle-thrust descent. This fuelburn savings
isan average, representative of the fleet observed during the 3-hourly periods studied at
each airport.

The estimated average per operation savings for the EDA TOD optimization benefit
mechanism at the five airports under study are summarized in Table 5.3. Note that since
the TOD benefits for each of the three one-hour periods studied did not vary significantly,
they are averaged together in Table 5.3. Thetable first identifies the observed average TOD
to MF distance and equivaent constant flight path angle in descent from the baseline radar
data. For alarge aircraft with a 10-minute descent at an average descent speed of 350 kts,
thisimpliesthat TOD optimization resulted in an average downstream shifting of the TOD
by 36 nm. Table 5.3 next gives the range and average per operation fuel savings (1bs)
assuming these aircraft were able to optimize their TOD location and fly EDA enabled idle
descents. Fuel cost savings assumes afuel cost of $0.10 per Ib. Note that because this
EDA benefit mechanism does not alter the flight time, only fuel benefits are included.

Theresults of Table 5.3 indicate that under EDA TOD optimization, aircraft would travel an
additional 20-40 nm in cruise before beginning their descent, saving an average of 182 Ibs
or $18.16. LAX appears to have the highest level of per operation benefit, followed by
ORD, then LAS. DFW and BOS, show significantly less benefit.

It should be noted that this analysisis only afirst-cut estimate given the smple B727
fuelburn extrapolation method used in light of the large variation in descent fuelburn across
aircraft types and at various altitudes. Additionally, the idle-thrust descent profiles are
highly sensitive to assumptions of aircraft weight and speed. At aminimum future
estimates should ssimulate alarger spectrum of aircraft, and be sensitive to the observed
aircraft speeds.

In extrapol ating this mechanism to annual/NAS-wide levels, benefits were only assumed to
accrue to rush arrival operations. Thisimpliesthat TOD optimization under existing
metering fix restrictions would have little benefit during non-rush periods, when workload

77




En Route Descent Advisor Benefits

isreduced, alowing controllers to accommodate user-preferred vertical profiles without
EDA.
Table 5.3 EDA TOD Optimization Average Per Operations Savings

Basdline Conditions Per Operation Savings

TOD to MF  Average Flight Fuel Savings Fuel Cost

Distance Path Angle Range Average Savings*
Airport (nm) (degress) (Ibs/op) (Ibs/op) ($/op)
BOS 82.81 2.7 0-433 107.16 $10.72
DFW 92.36 2.3 0-236 142.38 $14.24
LAS 89.72 2.4 0-621 188.82 $18.88
LAX 107.01 2.1 0-681 270.00 $27.00
ORD 97.89 2.1 0-298 199.84 $19.98

Average 93.96 2.3 - 181.64 $18.16**

* Assumes fuel cost of $0.10 per Ib.
** 5-airport average used in annual/NAS extrapol ation.

Existing Metering Fix Restrictions - Arrival Direct Routing

The EDA arriva direct routing mechanism attempts to improve flight efficiency by enabling
user preferred routing to the arrival metering fix, while adhering to current day operational
metering fix restrictions. Baseline operations typically require interception of a standard
terminal arrival (STAR) route, which the aircraft follows to the metering fix (TRACON
entry). Users are assumed to fly their preferred route (en route) with thisEDA mechanism
enabling asmooth transition directly to the metering fix. Direct routing shortens the actual
path length flown by “cutting the corner” and flying directly to the metering fix, as shown
in Figure 5.7.

1
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‘ Runways

// \ Shorter path to

Angle of metering fix/anchor point

interception )
<«——— Nominal

flight path
Figure 5.7 Arrival Direct Routing Shortens Arrival Flight Path

The potential benefits of direct routing will vary depending on the nominal or Baseline
flight path. Baseline flight paths with multiple linear segments, or “dog legs,” have the
greatest potential for improvement. Currently-granted user-requested direct routes or
straight-line paths reap little benefit from this mechanism. To account for the variationin
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current operations, actual aircraft descent trajectories, based on radar track datafrom the
five study airports, were used to represent the FFP1 Baseline trgjectories.

Baseline Arrival Routing

Radar track data at five airports (BOS, DFW, LAS, LAX, and ORD) were examined to
determine Basdline aircraft paths within the Center. The Baseline paths were characterized
with respect to their directnessto the TRACON including any indirect linear segments, or
“dog legs.” The path distance of each Baseline arrival route, extending from 140 nm from
the airport to the arrival metering fix was tabulated. No direct routing benefit would accrue
for trgectories already on direct routes. Note that the marginal benefits of direct routing
decreases as you move farther away due to geometry.

EDA Arrival Direct Routing

EDA enabled user-preferred direct arrival routes were defined assuming aircraft could fly a
route directly to the metering fix. Thisroute took the aircraft location at 140 nm from the
airport, and gave it a path directly to the arrival metering fix, assuming no changein
descent profile.

Arrival Direct Route Fuelburn Savings

EDA Arriva direct routing benefits were based on the path length savings between Baseline
(radar observations) and user-preferred (direct) arrival routings, each starting
approximately 140 nm from the airport. The path difference was calculated for each flight
within the 3-hourly periods studied at each airport. Fuel savings were calculated by
assuming the shorter path distance represented fuelburn rate at atypical cruise altitude,
weighted by airport fleet-mix during the hours studied.

The per operation fuel savings are summarized in Table 5.4. Thistable identifies the path
distance savings of an average operation at each airport under EDA enabled direct routing.
Although the individual savings would be highly variable, with some arrivals showing no
benefits, the table value represents the average for al flights during the 3- hourly periods.
This average is representative of the demand on the various arrival routes. The path
distance savings is converted to fuel savings by calculating the fuel burned by an aircraft of
that type flying the additional distance at atypical cruise altitude. The product of the
distance and fuelburn is the average fuel saved by an average operation at each airport. Fuel
cost savings assumes afuel cost of $0.10 per Ib.

Theresults of Table 5.4 indicate that under EDA direct route optimization, arrival aircraft
would save 1-3 nm on average with direct routing, saving an average of 21 lbs of fuel or
$2 per arrival operation. LAX shows the greatest potential for EDA arrival direct routing
benefits, followed closely by DFW and LAS. Lower benefits are expected at ORD and
BOS. Thisisreflective of the STAR routings at these locations and it should be noted that
route restrictions (e.g. noise-abatement procedures, Special Use Airspace) were not taken
into account and may attenuate these results.

In extrapolating this mechanism to annual/NAS-wide levels, benefits were only assumed to
accrue to rush arrivals. Thisimplies that arrival direct routing under existing metering fix
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restrictions would have little benefit during non-rush periods, when workload is reduced,
allowing controllers to accommodate user-preferred direct routing without EDA.

Table 5.4 EDA Arrival Direct Route Average Per Operation Savings
Savings Per Arrival Operation

Digtance Fuel Fuel Cost

Savinas Savinas Savings*
Airport (nm/op) (Ibs/op) ($op)
BOS 0.89 10.54 $1.05
DFW 217 23.05 $2.31
LAS 1.80 22.93 $2.29
LAX 254 36.67 $3.67
Average 2.09 21.00 $2.10**

* Assumes fuel cost of $0.10 per |b.
** 5-airport average fuel cost savings used in annual/NAS extrapolation.

Relaxed Metering Fix Restrictions - Vertical Anchor Point Concept

Similar to TOD optimization, the EDA vertical anchor point concept affects the vertical-
profile of an aircraft arrival trgjectory, attempting to maximize aircraft flight time at cruise
dtitude. Aircraft descending into a TRACON airspace are currently directed by controllers
to arrive at metering fixes approximately 30-40 nm from the runway threshold. EDA
maneuver advisories can provide detailed traffic information that will alow the controller to
safely direct an aircraft to anew bottom of descent, termed vertical anchor point (VAP),
downstream of the current metering fix within TRACON airspace. Using this vertica
anchor point as the new bottom of descent enables aircraft to spend more time at the more
fuel efficient higher altitudes, asillustrated in Figure 5.8.
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MF vap
(new BOD)

Profile View Plan View
Figure 5.8 Plan and Profile View of the Vertical Anchor Point (VAP) Concept

The VAP concept may be expanded to specify aircraft-specific anchor points to
accommodate differencesin aircraft performance. That is, an aircraft-specific VAP would
be defined by a 3D location and associated airspeed. For thisinvestigation, the vertical
anchor point is defined to be alocation in space a set distance downstream of the original
metering fix with the same altitude and speed restriction (250 kt maximum). Vertical and
horizontal anchor point benefits may be more significant for long-side (LS) arrivalsthan
short-side (SS) arrivals because of the additional high-altitude cruise length to be gained, as
illustrated in Figure 5.8.

In this study, actual aircraft descent trajectories from the five study airport’ s radar track data
were examined to determine the potential for using downstream vertical anchor points.
Observed Basdline vertical trgjectoriesinto the TRACON were compared to user-preferred
trajectories using the vertical anchor point concept to determine the EDA fuel benefits.
Baseline Vertical Anchor Point L ocation

Current Basaline metering fix or anchor point locations were determined from aircraft radar
track bottom of descent (BOD) data. Current aircraft descents from the cruise to metering

fix were studied to determine which aircraft would have benefited from shifting the BOD
initially to the current metering fix location and then further into the TRACON.
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Figure 5.9 BOD Statistics at Five Study Airports

Evaluation of the radar data resulted in a spectrum of actual BOD locations for each airport.

Radar track BOD statistics for each hour at each airport are shown in Figure 5.9, along

with akey to interpreting these statistics. Since current procedures require aircraft to enter

the TRACON at the arrival metering fix, most BOD locations fell upstream of the arrival
metering fix, and have atighter spread than the TOD locations, presented earlier. This

finding aso impliesthat controllers do not currently use the vertical anchor point concept.
Generaly, the BOD location varied by 10 to 20 nm (1-sigma) across all airports. The least
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variation was found at BOS and LAX, with large variations at LAS and DFW, similar to
the TOD findings.

EDA Vertical Anchor Point L ocation

The EDA enabled movement of the vertical anchor point was assumed to push the Baseline
operations downstream. Theseincluded the existing arrival metering fix location aswell as
locations 5, 10, and 15 nm downstream into the TRACON. Note that the current location
was assumed to be 35 nm from the airport, which in actuality varies by airport.

BOD Optimization Fuel Savings

The Bottom-of-Descent (BOD) statistics of Figure 5.9 were used to estimate average fuel
savings at each airport, with the downstream shifting of the BOD or vertical anchor point
into the TRACON. Table 5.5 summarizes the results of shifting the BOD by 0, 5, 10, and
15 nm downstream, relative to the observed BOD, as identified in the radar track data. Note
that in al cases, it isassumed that EDA would enable the BOD to be moved downstream by
accurately delivering arrivals on time for merging in the TRACON. Since the results did not
vary significantly among the 3-hourly periods, the data were reduced to asingle average for
each airport. Table 5.5 initially identifies the distance saved by an average operation at each
airport under the current and alternate VAP locations. The static MF caseisincluded to
isolate the observed level of BOD optimization occurring today, as exemplified in the radar
data. The small negative values reflect either ssimplified arrival fix locations assumed in the
analysis (35 nm from airport) and/or ATM allowance of flight hand-off within the
TRACON airgpace. Aircraft-specific fuelburn values for cruise and metering-fix atitudes
were applied to determine the average VAP fud savings per arrival operation at each
airport. Fuel cost savings assumes afuel cost of $0.10 per Ib.

The potential for benefitsislargely tied to the airport’ s existing ability to coincide the
aircraft BOD with the existing MF location. LAS and LAX are optimized very closaly, with
less optimization at DFW. BOS and ORD have the largest optimization potential. These
“static MF" benefits of Table 5.5 could accure without relaxation of the existing metering
fix restrictions. Once theseinitial conditions are accounted for, any additional shift of the
metering fix/vertical anchor point location downstream reaps the same per operation
savings across al airports. Note that the results of Table 5.5 do not reflect attenuation due
to the feasibility of the downstream shift in BOD location. However, in extrapolation to
annual/NAS-wide levels, a conservative 5 nm VAP location was chosen to represent a
realistically achievable downstream shift for both long-side and short-side approaches,
allowing sufficient additional descent distanceinthe TRACON. It ispossible that the VAP
could be shifted further downstream, especially for long-side operations.
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Table 5.5 EDA Vertical Anchor Point Average Per Operation Savings

Average Per Operation Savings
Distance Fuel Fuel Cost
Savings Savings Savings*
Airport Scenario (nm/op) (Ibs/op) ($/op)
BOS Static MF 14.48 132.55 $13.26
5nmVAP 19.48 178.34 $17.83
10nmVAP 24.48 224.12 $22.41
15nmVAP 29.48 269.90 $26.99
DFW Static MF 1.16 10.03 $1.00
5nmVAP 6.16 53.37 $5.33
10nmVAP 11.16 96.71 $9.67
15nmVAP 16.16 140.05 $14.01
LAS Static MF 0.02 (1) 0.22 (1) $0 (1)
5nmVAP 5.02 52.47 $5.25
10nmVAP 10.02 104.72 $10.47
15nmVAP 15.02 156.97 $15.70
LAX Static MF (0.91) (2) 0(1) $0 (1)
5nmVAP 4.09 46.66 $4.67
10nmVAP 9.09 103.63 $10.36
15nmVAP 14.09 160.61 $16.06
ORD Static MF 4.94 43.94 $4.39
5nmVAP 9.94 88.44 $8.84
10nmVAP 14.94 132.94 $13.29
15nmVAP 19.94 177.45 $17.75
8.94 74.96 $7.50

Average* 5nmVAP

Note: Static MF benefits could accrue without relaxation of existing metering fix restrictions.

(1) Negligible savings due to current BOD optimization at LAS and LAX.
* Assumed fuel cost of $0.10 per Ib

** Average used in annual/NAS extrapolation, reflects no benefit in peak hour at DFW and ORD.

In extrapolating this mechanism to annual/NAS-wide levels, benefits were assumed to
apply to all arrivals. This reflects the fact that the proposed anchor point concept is not
attempted today, asit requires arelaxation of existing metering fix restrictions only
available with EDA metering fix delivery accuracy improvement.
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Relaxed Metering Fix Restrictions - Horizontal Anchor Point
Concept

The EDA horizontal anchor point (HAP) concept, as with the arrival direct routing, affects
the horizontal-profile of an arrival flight trgjectory and attempts to improve the efficiency of
the trajectory by shortening the path length. However, the HAP, as with the VAP, liftsthe
restriction of a single metering fix or anchor point, allowing arrivals to enter the TRACON
offset from the existing metering fix location (e.g., inside the TRACON). Ideally the HAP
would be placed aong the straight-line path from the Center entry point to the runway.
Although the Center-TRACON boundary is generally not circular, the horizontal anchor
point is assumed to be moved along an arc to ensure that the aircraft has sufficient range to
descend to the runway. Aircraft would be metered to scheduled times along thisarc (at a
pseudo-metering fix), although the aircraft would not merge into a single stream until
reaching the HAP. For this investigation, the radius of the arc was based on an average
distance between metering fix locations and the runway threshold. Figure 5.10 illustrates
the HAP concept and the potential reduction in the arrival’ s path distance. Crossing traffic
may preclude the use of the optimal HAP due to conflicts with departure operations, which
may attenuate the results.

Runways

MF:

) . -

_ Pseudo-MF

' \_ Shorter path

Figure 5.10 Plan View of the Horizontal Anchor Point (HAP) Concept

In this study, actual aircraft descent trgjectories at the five study airports were examined to
determine the fuel savings available using the EDA horizontal anchor point concept.
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Baseline Horizontal Anchor Point L ocation

Radar-tracking data were examined to characterize the horizontal path of aircraft entering
the TRACON. The Basdline is represented by routing along a STAR directly over an
existing metering fix location.

The applicability and benefit of this mechanism was determined by eval uating the horizontal
route of each trgjectory and noting the angle and distance at which the path intersects the
STAR and metering fix, respectively. No HAP benefit accrued to trajectories already using
this mechanism.

EDA Horizontal Anchor Point L ocation

EDA-enabled user-preferred trgjectories using horizontal anchor points were determined by
assuming that aircraft could fly directly to a point 15 nm downstream of the metering fix,
without passing through the metering fix. The difference in path length was calcul ated
between user-preferred HAP and actual trgjectories and the resulting fuel savings
calculated. Time of arrival at the Center/TRACON boundary was not constrained in this
analysis.

Horizontal Anchor Point Fuel Savings

Similar to the arrival direct routing mechanism, the benefit of horizontal anchor points was
determined by comparing actual arrival trgjectories with optimized trgjectories, each starting
approximately 140 nm from the airport. Aswith arrival direct routing, the marginal benefit
decreases as you move farther away due to geometry. Actud trajectories were graphically
characterized with their Center/TRACON-boundary-crossing location relative to the
metering fix. Tragectoriesthat did not use the metering fix to cross the Center/ TRACON
boundary and, instead, flew direct to the runway, were not assumed to benefit from this
mechanism. Only aircraft that clearly diverted from adirect path to fly through the metering
fix were assumed to benefit from this mechanism. Direct path length was compared to
actua path length and resulting differences in fuelburn computed.

These results were used to determine annual fuel and cost savings at each airport,
summarized in Table 5.6. This table identifies the distance saved by an average operation at
each airport using the horizontal -anchor-point mechanism. Results from the 3 hours studied
were averaged together in the calculation of annual savings. This distance saved is
converted to fuel consumption by modeling the expected fuelburned by an aircraft flying
that distance at atypical cruise altitude. The fuelburn rates reflect the fleet types observed
during the 3 hours studied at each airport. LAX shows the greatest potential with this
mechanism. Noise-abatement procedures may attenuate these results. ORD reapsthe least
benefit. From the radar data, it appears that ORD Baseline paths represent a smooth stream
of traffic, gaining little from the corner cutting of the HAP mechanism.

Since DFW and ORD, as observed from the radar data, showed significantly high volumes

of delays, no benefit was assumed for the rush hour at these airports. Thisisreflected in
the fuel savings for those airports.
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In extrapolating this mechanism to annual/NAS-wide levels, benefits were assumed to
apply to al arrivas. Thisreflects the fact that the proposed anchor point concept is not
attempted today, asit requires arelaxation of existing metering fix restrictions only
available with EDA metering fix delivery accuracy improvement.

Table 5.6 EDA Horizontal Anchor Points Average Per Operation Savings
Per Operation Savings

Distance Fuel Fuel Cost

Savinas Savinas Savings*
Airport (nm/op) (Ibs/op) ($op)
BOS 2.60 32.58 $3.26
DFW 4.19 45.88 $4.59
LAS 3.15 44.40 $4.44
LAX 3.82 51.99 $5.20
Average 3.05 36.20 $3.62**

* Assumes $0.10 per Ib fuel.
** Average used in annual/NAS extrapolation

Economic Analysis

Aswith other analysesin thisreport, the detailed per operation results based on afew
airports were extrapolated to an annual NAS-wide level by accounting for the total number
of annual operations at each facility and the frequency of operations expected to benefit
from each mechanism. The NAS-wide annua benefits of the four EDA trgjectory
optimization mechanism are estimated in the rest of this section, following the smple
extrapolation of Equation (5.1), as used in other chapters.

Annual Savings = (Annual Ops) x (Frequency) x (Savings Per Interrupt) (5.1)
where: Annual Ops = Annual airport operations (00s) (Appendix B)
Frequency = Number of applicable arrivals per 100 daily airport operations

Savings Per Interrupt = Average cost savings per applicable arrival (Table 5.7)

The relaxed metering fix benefit mechanisms were applied to all arrival operations. This
reflects the fact that the proposed anchor point concept requires arelaxation of existing
metering fix restrictions only available with EDA metering fix delivery accuracy
improvement. Conversely, the existing metering fix benefit mechanisms are applied only to
rush arrivals. This assumes these mechanisms would have little benefit during non-rush
periods, when workload is reduced, allowing controllers to accommodate user-preferred
TOD and (en route) routing without EDA.

Rush arrival frequency was estimated for each airport using a simulated DFW rush arrival
rate (Rush Arrivals,.,) [12] adjusted by an Airport Factor to account for variationsin
congestion at each facility, as shown in Equation (5.2). Airports with less overall delays
are assumed to meter disproportionately fewer arrival flights to meet airport-scheduling
constraints. Anindividua airport’s assumed delayed arrival rate is adjusted from a nominal
DFW vaue from Reference [12], using FAA delay data[31]. These datarecord delays at
each airport in excess of 15 minutesin CY 1996, including both arrivals and departures.
This metric hides the significant number of smaller delays during an arrival rush period and
includes delayed departures, making it agrossindicator of the airport’slevel of delayed
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arrival flights. Despite these limitations, this data provided a reasonable factor for
extrapolating the detailed per operation benefits of the five study airportsto the 37-NAS
airports. To do so, the NAS airports were broken into five delay categories. Engineering
judgement was used to assign each category arush arrival rate relative to the DFW.
Simulated rates [12] of 130%, 115%, 100%, 80%, and 60% for airport delay classes 1, 2,
3, 4, and 5 were used. The FAA delay data and criteria used to assign delay categories are
included in Appendix B.

Frequency = (Rush Arrivalsprw) X (Apt Factor) (5.2)

where: Rush Arrivalsprw = DFW number of rush arrivals per 100 daily airport operations [12]
Apt Factor = Factor accounting for local airport rush arrival frequency relative to DFW,
based on FAA ddlay data (Appendix B)
Table 5.7 gives the applicable operation frequency and 5-airport average savings per
operation for each EDA Arriva Trgectory Optimization mechanism, assuming a
conservative fuel cost of $0.10/1b.

Table 5.7 Five-Airport Average Frequency and Cost Savings

Parameter TOD Arrival Direct  Vertical * Horizontal
Optimization ~ Routing ~ Anchor Point Anchor Point
ATL — Atlanta Hartsfield International Airport $10.72 $1.05 $17.83 $3.26
DFW — Dallas Ft. Worth International Airport $14.24 $2.31 $5.33 $4.59
LAS - Las Vegas McCarren International Airport $18.88 $2.29 $5.25 $4.44
LAX —Los Angeles International Airport $27.00 $3.67 $4.67 $5.20
ORD - Chicago O’ Hare International Airport $19.98 $1.18 $8.84 $0.61
Average Savings Per Applicable Operation $18.16 $2.10 $7.50 $3.62
Applicable Operations Rate (per 100 Airport ops) 30.4** 30.4** 50.0 50.0

* Assumes VAP 5 nm downstream from existing anchor point location, no benefit in peak hour at DFW and ORD due to delays.
** DFW rush arrival rate from reference [12], airport factor (based on FAA delay data [31]) applied to extrapolate to other
airports.

The Table 5.7 results reflect the specific airport runway and airspace configuration at each
airport and the expectation that the 3 hours analyzed at each airport is representative of
existing conditions. The primary factors affecting the TOD optimization benefit are the
frequency of early descentsin the Basdline trgjectories. Likewise, the BOD location of
current tragjectories as well asthe relative demand of long-side and short-side operations
effect the vertical anchor point benefit. Both horizontal anchor point and arrival direct
routing benefits depend on the horizontal geometry of the local airport STARs and the
current ability of controllersto grant direct route requests. Indeed, ORD showed a very
smooth Baseline operation, reaping little benefit from more direct ARTCC (direct routing
mechanism) and TRACON (horizontal anchor point mechanism) routing. Differences
among the 3-hourly periods studied at each airport is hidden by the airport averages. Little
hourly difference was observed in the evaluation of TOD optimization and vertical anchor
points. However, implementation of horizontal anchor points and arrival direct routing was
diminished by the large volume of delays during rush hours. Vertical anchor point benefits
were decreased to account for the delay limitations at DFW and ORD, asreflected in the
Table 5.7 VAP average. It should be noted that part of the VAP benefit involves a shift in
TOD to merge BOD and existing metering fix location. This portion of the VAP benefits
do not require relaxation of existing metering fix restrictions.

Note that the frequenciesin Table 5.7 are given per daily airport operation, which includes

both arrivals and departures. Thus, arate of 50 per 100 airport operationsis assumed to
represent all arrival operations. Since the existing metering fix restriction TOD optimization
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and arrival direct routing mechanisms were applied only to rush arrivals, their rate isless
than the other mechanisms, as discussed above.

The annual airport operations [36] and savings for 37 NAS airports are shown in Table
5.8. The annual savings are also plotted graphically by airport in Figure 5.11. The
combined savings range from $1.5M to nearly $11.5M per year, at BDL and ORD,
respectively, with atotal annual benefit of almost $173M. Large hub airports showed the
most promise, particularly ORD, DFW, ATL, and LAX. The greatest benefit came from
EDA TOD optimization under existing metering fix restrictions, followed by the EDA
mechanisms that relaxed the metering fix restrictions (Vertical/Horizontal Anchor Point
concept). Approximately half of the total trgjectory optimization benefits accrue under
existing metering fix restrictions. Shifting flightsto idle-thrust descent profiles, under
EDA TOD optimization saved the gamut (44 percent overall), with the arrival direct routing
benefits saved just 5 percent of the overall benefits. The high TOD optimization benefits
are first-cut estimates, given the ssmple fuelburn extrapol ation method and nominal speed
assumptions. The second half of the total benefit is attributed to the relaxation of metering
fix restrictions, with two thirds of that due to the VAP, despite the conservative 5 nm VAP
location. More benefit would be expected if the VAP could be moved further into the
TRACON. Again, thisanchor point concept is made possible because EDA metering
advisoriesresult in accurate TRACON delivery/merging that reduces the need for
conservative TRACON entry restrictions in use today .
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Table 5.8 EDA Trajectory Optimization Benefits
Annual Savings ($M, 1998)

A_nnuaJ Rush TOD Arrival Vertical * Horizonta
Airport Al(;port Apt Delay Arrival Rate Opti?izat Direct Anchor | Anchor
ps  Delays/Categor (/100 Ops - : - -

(000s) v ion Routing Point Point
Atlanta (ATL) 773 23.88 3 30.4 4.26 0.49 2.90 1.40
Nashville (BNA) 226 1.36 5 18.2 0.53 0.06 0.60 0.29
Boston (BOS) 463 0.73 2 18.2 0.75 0.09 0.85 0.41
Bradley (BDL) 161 26.37 5 34.9 2.93 0.34 1.73 0.84
Baltimore (BWI) 270 3.67 5 18.2 0.89 0.10 1.01 0.49
Cleveland (CLE) 291 4.68 5 18.2 0.96 0.11 1.09 0.53
Charlotte (CLT) 457 6.55 4 24.3 2.02 0.23 1.71 0.83
Cincinnati (CVG) 394 10.38 4 24.3 1.74 0.20 1.47 0.71
Washington National (DCA) 310 6.53 4 24.3 1.37 0.16 1.16 0.56
Denver (DEN) 454 1.90 5 18.2 1.50 0.17 1.70 0.82
Dallas — Ft. Worth (DFW) 870 19.59 3 30.4 4.80 0.55 3.26 1.57
Detroit (DTW) 531 9.10 4 24.3 2.34 0.27 1.99 0.96
Newark (EWR) 443 65.25 1 39.5 3.18 0.37 1.66 0.80
Ft. Lauderdale (FLL) 236 1.53 5 18.2 0.78 0.09 0.89 0.43
Houston Hobby (HOU) 252 2.57 5 18.2 0.83 0.10 0.95 0.46
Washington Dulles (IAD) 330 6.81 4 24.3 1.46 0.17 1.24 0.60
Houston — Intercontinental (IAH) 392 11.45 4 24.3 1.73 0.20 1.47 0.71
N.Y. Kennedy (JFK) 361 29.53 2 349 2.29 0.26 1.35 0.65
LasVegas(LAS) 480 3.68 5 18.2 1.59 0.18 1.80 0.87
Los Angees (LAX) 764 24.13 3 30.4 4.21 0.49 2.86 1.38
N.Y. LaGuardia (LGA) 343 46.22 1 39.5 2.46 0.28 1.28 0.62
Orlando (MCO) 342 4.59 5 18.2 1.13 0.13 1.28 0.62
Chicago Midway (MDW) 254 6.70 4 24.3 1.12 0.13 0.95 0.46
Memphis (MEM) 364 NA 5 18.2 1.20 0.14 1.36 0.66
Miami (MIA) 546 6.79 4 24.3 241 0.28 2.05 0.99
Minneapolis (MSP) 484 9.29 4 24.3 2.13 0.25 1.81 0.88
Oakland (OAK) 516 NA 5 18.2 1.71 0.20 1.94 0.93
Chicago O’'Hare (ORD) 909 34.46 2 34.9 5.76 0.67 341 1.65
Portland (PDX) 306 241 5 18.2 1.01 0.12 1.15 0.55
Philadelphia (PHL) 406 17.95 3 30.4 2.24 0.26 1.52 0.74
Phoenix (PHX) 544 7.25 4 24.3 2.40 0.28 2.04 0.99
Pittsburgh (PIT) 447 6.60 4 24.3 1.97 0.23 1.68 0.81
San Diego (SAN) 244 331 5 18.2 0.81 0.09 0.91 0.44
Seattle (SEA) 398 6.37 4 24.3 1.75 0.20 1.49 0.72
San Francisco (SFO) 442 56.57 1 39.5 3.17 0.37 1.66 0.80
Salt Lake City (SLC) 374 3.53 5 18.2 1.24 0.14 1.40 0.68
St. Louis (STL) 517 34.04 2 34.9 3.28 0.38 1.94 0.94
37-Airport Total/Average 430 75.95 8.78 59.57 28.77

* Assumes VAP 5 nm downstream from existing anchor point locations.
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Results Summary

This chapter evaluated EDA trajectory optimization benefits. Near-term optimization
maintains existing arrival metering fix restrictions, while the far-term anchor point concept
allows relaxing these restrictions on a per flight basis.

In the near-term, EDA maneuver advisories will enable the latest TOD and most direct
horizontal route to the arrival metering fix. For these near-term mechanisms, EDA was
found to shift the TOD an average of 20-40 nm downstream and shorten the path length by
2 nm, saving atotal of 202 |bs or $20.26 per operation, for atotal savings of $84.73M
annually assuming NAS-wide deployment at 37-airports. Most of these benefits ($76M)
result from improved TOD optimization. Due to limitations in the analysis method, further
study is recommended to validate the TOD optimization findings, in particular.

For the relaxed metering fix restriction (anchor point) concept, EDA maneuver advisories
provide conflict-free arrival trgectories that shift the BOD (vertical anchor point)
downstream into the TRACON, while allowing the aircraft to cross the Center/TRACON
boundary (horizontal anchor point) at alocation in line with downstream runways. For
these mechanisms, EDA was assumed to shift the BOD 5 nm downstream and horizontal
routing was found to shorten by 3 nm, saving atotal of 111 Ibs or $11.12 per operation,
for atotal savings of $88.34M annually assuming NAS-wide deployment at 37-airports.
Two-thirds of these relaxed metering fix benefits result from the vertical anchor point
mechanism, despite the conservative 5 nm VAP shift.

These benefit estimates assume the three hours studied at each of five study airportsis
representative of the applicability of trajectory optimization mechanisms at these airports,
and typical of other NAS airports. Additiona benefits reflect only fuel savings. Potential
time savings, due to horizontal path shortening in non-rush periods, was not eval uated.
The TOD optimization results reflect afirst-cut estimate employing asingle aircraft fuelburn
estimate, extrapolated fleet-wide, and assumed nominal descent speeds. The TOD results

and assumptions should be validated with further study. The analysis of relaxed metering
fix (anchor point) concept aso assumes significant procedural changes for TRACON entry.
The resulting benefits rely on the validation of the EDA tool to gain controller acceptance of
such changes. Direct routing and horizontal anchor point benefits also reflect current STAR
and ATM-granted direct routings at the study airports, extrapolated NAS-wide. Vertica
optimization benefits reflect the ability of ATM to optimize TOD location under current
operations at the five study airports. Additiona benefits due to time savingstied to
horizontal path shortening could also be evaluated.

Further investigation into specific airspace constraints may also reveal factors that would
limit the use of these mechanisms. User-preferred optimal trgjectories may be blocked by
airspace restrictions such as noise-abatement procedures, Special Use Airspace (SUA), and
Center and TRACON crossing traffic. Indeed, since the objective of the anchor point
concept is to move the merge point downstream into the TRACON, the data must be
examined for potentially conflicting traffic inside the TRACON. Since these factors were
not taken into account and may attenuate these results, further study is recommended to
assess the impact of specific airspace restrictions at the 37 high-density NAS airports.
Other factors taken into account at the five study airports, which may differ at other NAS
airports include the ability of each mechanisms to impact rush/non-rush operations, and the
proportion of short and long side arrivals.

Finally, as shown here, aprimary goa of the EDA tool isto dynamically solve separation
and metering problemsin high-density arrival airspace and thereby relax procedural/route
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restrictions that prevent users from operations on their preferred trgjectory. EDA accuracy

may allow other existing arrival restrictions to be relaxed.
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6. Conclusions/Recommendations

Thisreport identifies the potential benefits of various EDA benefit mechanismsrelative to
common FFP1 Baseline assumptions. As noted earlier, these analyses are summarized and
extended from a number of previous efforts, which involve many assumptions, varying
levels of analysisfidelity, and very limited technical and operational assessment using field
data. Key findings of the individual EDA benefit mechanism including analysis
assumptions and limitations are discussed, followed by specific recommendations for
improving the analyses. Other recommendations can be found in the respective reference
reports of each chapter.

Conclusions

Airport Throughput

Reduced runway threshold separations (in excess of minimums) are expected from EDA as
aresult of improved arrival metering fix delivery accuracy. The reduced variance in arrival
metering fix crossing times leads to reduced runway gaps with associated airport
throughput increases and aircraft delay and delay propagation reduction, especially during
rush periods.

It was found that EDA saved an average 1-2 seconds of delay or $2.35 per operation (time
and fuel), for atotal NAS-wide deployment at 37-airports of 445 hours and $42.93M
annually. These benefits reflect areduction in the average runway threshold excess spacing
buffer relative to a FFP1 Baseline, which includes TMA and pFAST. With no CTAS
improvements, the average buffer was found to be approximately 31 seconds[32]. Thus,
arough indication of the relative benefits of EDA, TMA, and pFAST operations can be
made by noting the airport delay savingsin Figure 1.4 associated with the approximated 1-
2 second TMA buffer improvement, 4 second pFAST improvement, and this study’s 0.65
second EDA improvement.

It should also be noted that this analysis, an update of previous studies, was limited by the
use of arunway demand and capacity modeling tool (AIRNET) which does not account for
airspace constraints and subtleties of arrival scheduling embedded in proposed ATM DSTSs.
To address these limitations, Seagull has initiated development of a higher fidelity model,
the Integrated Air Traffic (IAT) Model, which has been used in recent benefits assessments
for TMA [33]. Additionally, there is some concern regarding the underlying schedule used
to model LGA. Because of the high demand, delays are unable to be dissipated, building
up without break over thefull day. Asaresult, any improvement to LGA runway
separation leads to significant savings. It isrecommended that the IAT model be applied to
refine these airport throughput benefits and the L GA flight schedule be updated to reflect
existing activity.

Center/TRACON Delay Distribution

Reduced variance in EDA arrival metering fix delivery accuracy resultsin arrival flight
efficiency benefits due to the ability to absorb more efficiently upstream in Center airspace
while still maintaining agiven TRACON entry rate.

It was found that EDA shifted an average of 138 seconds of rush arrival delay from
TRACON to Center airspace. Thissaved 114 Ibs of fuel or $11.42 per rush arrival ($939
per average rush), with atotal savings of $47.73M annually assuming NAS-wide
deployment at 37-airports. This EDA benefit mechanism is used to model the general shift
of delay from TRACON to Center airspace. EDA metering conformance efficiency,
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discussed in the next chapter, addresses more specifically the EDA efficiency of Center
delay absorption, a separate advantage of EDA operations over TMA alone.

The EDA benefits were evaluated relative to a FFP1 Basaline, which includes TMA. The
arrival metering fix delivery accuracy (1-sigma) was found to be approximately 180
seconds prior to TMA and 90 seconds with TMA [30]. EDA field tests found an accuracy
of 15-20 seconds [10], modeled here as 17.9 seconds (Table 1.2). Using these values, a
rough indication of the relative Center/TRACON delay distribution benefits of EDA and
TMA can be made by using Figure 2.2. Note that for the FFPL/TMA Basdline, the
maximum delay absorption capability of aroute (typically 100-300 seconds) would likely
require aTRACON deay setting below optimal. Thus, despite TMA’s significant
improvement in metering fix delivery accuracy, little change would occur in the TRACON
delay setting, allowing only limited shifting of delay to more fuel-efficient ARTCC
airspace, with associated limited benefits. Post-TMA, improvements to the metering fix
accuracy, such aswith EDA, enables areductionin TRACON delay along the optimal line,
resulting in significantly higher benefits per metering fix accuracy improvement.

To achieve these benefits, it is assumed that TRACON traffic managers would be
comfortable in shifting delay upstream (i.e., less TRACON front-loading) with the more
accurate metering fix delivery schedule adherence of these DSTs. Additionally, the study
would benefit from a better understanding of the controllability window
(minimum/maximum TRACON delay setting) of various TRACON arriva routes at various
ATM facilities. Another key assumption driving these estimatesis that aircraft fuelburn
rates for absorbing delay are 1.5 times larger in TRACON relative to ARTCC airspace.
This assumption should be calibrated with field data, and may differ under Baseline and
EDA metering conformance delay strategies. Alternatively, higher fidelity aircraft trgjectory
and fleet mix models could be employed to improve fuelburn estimates.

Metering Conformance Efficiency

EDA maneuver advisories assist controllers in formulating and executing atraffic delay
strategy to meet arrival metering fix crossing schedule. EDA allows controllersto quickly
and accurately assess the impact of various delay strategies, and more effectively use fuel-
efficient strategies, such as speed control, resulting in lower cost metering conformance
interruptions.

It was found that EDA saved an average of 59 Ibs and 2.6 seconds or $6.80 per arrival
metering conformance interruption, for total savings of $25.09M annually assuming NAS-
wide deployment at 37-airports. Thisfue efficiency benefit was dightly increased under
arrival direct routing over conventional STAR routing. In addition, the EDA metering
conformance procedures are more strategic and require less overall workload (fewer
downstream controller corrections to conform to metering times) than the FFP1 Baseline.

These benefit estimates are sengitive to the amount of metering delay per flight. A typical
DFW day was analyzed with per operation savings extrapolated to other airports. Although
some adjustment was made for the number of metered arrival flights at each airport, no
adjustment was made in the per operation savings. If airport have smaller per operation
delays, EDA may result in larger per operation savings because current vectoring
operations can be fully replaced with EDA speed/altitude maneuvers. Thus, NAS-wide
EDA benefit estimates would improve with evaluation of detailed smulations at additional
airports.

Separation Assurance

ATM relies on accurate predictions of flight trgectories within its conflict probe tool to
accurately identify the location and nature of pending separation assurance violations. With
more accurate EDA arrival trgectory predictions (EDA advisories and updated intent), ATM
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perception errors (false and missed alerts) would be reduced, resulting in fewer ATM flight
interventions and associated resolution fuel penalties. Additionally, improved traffic
conflict prediction will include more accurate estimation of conflict geometry and speeds,
leading to more efficient resolution maneuvers.

It was found that EDA reduced separation assurance interruptions by 5 percent with each
interruption savings an average of 0.8 |bs or $0.08, for total savings of $2.80M annually
assuming NAS-wide deployment at 37-airports. More significantly, the EDA separation
assurance conflicts required less overall workload primarily because of the integration with
metering conformance flight intent, reducing the number of missed and false alerts by 30
and 21 percent, respectively. Asaresult, EDA enhances overall safety, enables strategic
controller planning across multiple sectors, and reduces nuisance conflict aerts.

These benefit estimates are sengitive to ARTCC traffic routing complexity. A typical day of
ZFW Center activity was analyzed with interrupt rates and per operation savings
extrapolated to other airports. The NAS-wide EDA benefit estimates would be enhanced
with more comprehensive evaluation of the en route traffic routing of various facilities.

Trajectory Optimization
This chapter evaluated EDA trajectory optimization benefits. Near-term optimization

maintains existing arrival metering fix restrictions, while the far-term anchor point concept
allows relaxing these restrictions on a per flight basis.

In the near-term, EDA maneuver advisories will enable the latest TOD and most direct
horizontal route to the arrival metering fix. For these near-term mechanisms, EDA was
found to shift the TOD an average of 20-40 nm downstream and shorten the path length by
2 nm, saving atotal of 202 |bs or $20.26 per operation, for atotal savings of $84.73M
annually assuming NAS-wide deployment at 37-airports. Most of these benefits ($76M)
result from improved TOD optimization. Dueto limitationsin the analysis method, further
study is recommended to validate the TOD optimization findings, in particular.

For the relaxed metering fix restriction (anchor point) concept, EDA maneuver advisories
provide conflict-free arrival trgectories that shift the BOD (vertical anchor point)
downstream into the TRACON, while allowing the aircraft to cross the Center/TRACON
boundary (horizontal anchor point) at alocation in line with downstream runways. For
these mechanisms, EDA was assumed to shift the BOD 5 nm downstream and horizontal
routing was found to shorten by 3 nm, saving atotal of 111 Ibs or $11.12 per operation,
for atotal savings of $88.34M annually assuming NA S-wide deployment at 37-airports.
Two-thirds of these relaxed metering fix benefits result from the vertical anchor point
mechanism, despite the conservative 5 nm VAP shift.

These benefit estimates assume the three hours studied at each of five study airportsis
representative of the applicability of trgjectory optimization mechanisms at these airports,
and typical of other NAS airports. Additiona benefits reflect only fuel savings. Potentia
time savings, due to horizontal path shortening in non-rush periods, was not evaluated.
The TOD optimization results reflect afirst-cut estimate employing asingle aircraft fuelburn
estimate, extrapolated fleet-wide, and assumed nominal descent speeds. The TOD results

and assumptions should be validated with further study. The analysis of relaxed metering
fix (anchor point) concept aso assumes significant procedura changes for TRACON entry.
The resulting benefits rely on the validation of the EDA tool to gain controller acceptance of
such changes. Direct routing and horizontal anchor point benefits also reflect current STAR
and ATM-granted direct routings at the study airports, extrapolated NAS-wide. Vertica
optimization benefits reflect the ability of ATM to optimize TOD location under current
operations at the five study airports. Additiona benefits due to time savingstied to
horizontal path shortening could aso be evaluated.
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Further investigation into specific airgpace constraints may also reveal factors that would
limit the use of these mechanisms. User-preferred optimal trgjectories may be blocked by
airspace restrictions such as noise-abatement procedures, Special Use Airspace (SUA), and
Center and TRACON crossing traffic. Indeed, since the objective of the anchor point
concept isto move the merge point downstream into the TRACON, the data must be
examined for potentialy conflicting traffic inside the TRACON. Since these factors were
not taken into account and may attenuate these results, further study is recommended to
assess the impact of specific airspace restrictions at the 37 high-density NAS airports.
Other factors taken into account at the five study airports, which may differ at other NAS
airportsinclude the ability of each mechanisms to impact rush/non-rush operations, and the
proportion of short and long side arrivals.

Finally, as shown here, aprimary goa of the EDA tool isto dynamically solve separation
and metering problemsin high-density arrival airspace and thereby relax procedural/route
restrictions that prevent users from operations on their preferred trgjectory. EDA accuracy
may allow other existing arrival restrictions to be relaxed.
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General

The NAS extrapolation of EDA benefits estimated at asingle airport (or limited number of
airports), frequently requires the identification of other airport’s rush arrival operations.
Thisanalysis assumed a ssimplified categorization of airports based on FAA delay data
The limitations of this method, and high-sensitivity of the overall EDA benefitsto this
assumption, calls for amore defendable metric. It is recommended that in future benefit
analyses, the traffic patterns of individual airports be modeled and rush arrival estimates for
these airports be used directly.

Recommendations

The following recommendations are made rel ative to future studies to refine the results of
this work.

Expand Modeling Conditions and Calibrate Baseline with Field Data -
The analysesin this report relies on detailed study at alimited set of airports, applying
the applicability and per operation savings found at these airport facilitiesto estimate
NAS-wide benefits. The NAS-wide estimates would clearly benefit from detailed
study at more airports reflecting the range of airport-specific characteristics and
constraints and their impact on applicability and per operation savings. Additionally,
field data, such as that being collected by the FFP1 program office, could also be
employed to calibrate the baseline case to match observed ATM performance, including
the number and amount of rush arrival delays.

Continue to Develop and Employ Higher-Fidelity Scheduling Models —
The EDA airport throughput analysis applies a different modeling approach than has
been used for assessing other EDA benefit mechanisms and evaluating other DST
improvements. Since the origina throughput studies were conducted, as summarized
inthisreport (Chapter 1). Seagull initiated development of a higher-fidelity Integrated
Air Traffic (IAT) Moddl. IAT addresses some of the limitations of the runway capacity
model that was employed in the previous work (i.e. AIRNET). Additiondly, the IAT
model is set up to produce more refined Center/ TRACON Delay Distribution benefit
assessments, and integrate them synergistically with the airport throughput mechanism.
It isrecommended that the IAT Model be completed to enable more accurate benefit
assessments.

Combine Center/TRACON Delay Distribution and Metering Conformance
Analyses - Delay distribution changes the metered arrival time at the MF, forcing
more delay inthe ARTCC, lessinthe TRACON. Metering conformance ATM
interruptions reflects the flight maneuvers made to conform to the arrival metering fix
crossing time. It would be desirable to combine these in the future, in order to capture
synergies/overlap and to check the assumed ARTCC/TRACON fuel consumption
differential.
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Enhance ATM Interruptions Model — The ATM Interruptions Model (AIM) used
to evaluate metering conformance and separation assurance benefits could be enhanced
to improve benefit estimates. In the metering conformance modeling, thisincludes:

(1) modifying the metered trgjectories to include vectoring turn back error and TOD
shift with descent speed changes;

(i) improved fuelburn models and parameters such as best endurance speeds;

(ii)linking delay strategy errors with metering fix delivery error, to allow modeling
of data exchange improvements;

(iv)include the impact of arrival fix delivery errors on inefficient metering fix
throughput.

In the separation assurance interruptions modeling, suggested improvements include:

(1) enhance conflict resolution strategies to including speed and altitude resol utions,
aswell as appropriate time benefit;

(i) improved off-flight plan inaccurate route intent modeling approach, to reflect
aircraft-specific flight changes and the possibility of missed alerts resulting from
the off-flight plan routing.

Improve Trajectory Optimization Analyses — The trajectory optimization
analyses used simplified methods to assess potential EDA benefits. The TOD
optimization descent fuelburn model would benefit from high-fidelity smulation of
several aircraft and knowledge of actual descent speeds, for more accurate fleet-wide
benefits. Additionally, the overall approach, particularly the far-term anchor point
concept, could be enhanced by addressing metered/non-metered arrival flight
applicability, effect of ATM interruptions (possibly using higher fidelity IAT and/or
AIM models), and more detailed analyses of actua aircraft-specific changes.
Additionally, reduced flight time benefits and the extension of the trgectory
optimization mechanisms to departure operations could be eval uated.

Upgrade Trajectory Prediction Accuracy Parameters and Models — The
assumptions made regarding tragjectory prediction accuracy models and contributing
errors should be continually updated with better trgjectory geometry models (especially
climbs), more routes/airports, and on-going field test results.

Analyze Other Traffic Scenarios — The analyses in this report typically assumed a
baseline 1996 traffic scenario for detailed per operation savings at afew airports and
extrapolated these detailed resultsto 1996 annua/NAS-wide levels. Traffic scenarios
from aday with higher operations could results in changes in per operation savings,
reflecting changes in metering delays, as well as atering the number of applicable
operations (e.g. increased arrival operations).

Sensitivity Analysis - A sensitivity analyses of each of the results to key
assumptions regarding DST technology improvements and tragjectory accuracy
parameters used in each of the studies could determine which parameters are most
important to realizing the estimated EDA benefits and to set objectivesin regard to EDA
trgjectory prediction accuracies.

Controller Benefits —EDA controller benefits have not been quantitatively
addressed. The assessment of controller benefits would require a high-fidelity
simulation to show controller productivity gains and a human factors smulation to
identify workload savings. Indeed, the most significant controller benefits may accrue
when the system is able to achieve athreshold level of accuracy and controller
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productivity, under EDA arrival accuracy and its shift to amore strategic trajectory
orientation, that enables the relaxation of numerous airspace restrictions and facilitates

the accommodation of user-preferred trgjectories.
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Acron yms

AATT NASA'’s Advanced Air Transportation Technologies program
ACS Acceptable Controller Spacing

ADL FAA’s Aeronautical Data Link Product Team
AFAST CTAS Active Final Approach Spacing Tool
AOC Airline Operational Control

ARR Arriva Operation

ARTCC Air Route Traffic Control Center

ARTS Automated Radar Terminal System

ATL Atlanta Hartsfield International Airport
ATM Air Traffic Management

BADA Eurocontrol Base of Aircraft Data

BDL Bradley Internationa Airport

BNA Nashville International Airport

BOD Bottom of Descent

BOS Boston Logan International Airport

BWI Baltimore-Washington International Airport
CA Conflict Probe Correct Alert

CAS Cdlibrated Airspeed

Center Air Route Traffic Control Center (ARTCC)
d Climb flight mode

CLE Cleveland Hopkins Internationa Airport
CLT Charlotte-Douglas Internationa Airport
CPDLC Controller-Pilot Data Link Communication
cr Cruise flight mode

CTAS Center/TRACON Automation System

CVvG Cincinnati/Northern Kentucky International Airport
d Descent flight mode

D2 CTASDirect-To Tool

DCA Washington National Airport

DEN Denver Internationa Airport

DEP Departure Operation

DFW Dallas-Ft. Worth International Airport

DIR Direct Routing

DST Decision Support Tool
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DTW
EDA
EDX
ETMS
EWR
FA
FAA
FANG
FAR
FLL
FFP1
FMS
FSF
ft
HSC
HOU
IAD
IAH
IAT
IFR
IMC
ITWS
JFK

LAS
LAX
LGA
LNAV
MA
MCO
MDW
MEM
MF
MIA
MSP
NAS
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Detroit Metro Wayne County International Airport
CTAS En Route/Descent Advisor

En Route Data Exchange

Enhanced Traffic Management System
Newark International Airport

Conflict Probe False Alert

Federal Aviation Administration
FMS-ATM Next Generation

Federa Aviation Regulations

Ft. Lauderdale-Hollywood International Airport
FAA'’s Free Flight Phase 1 Program
Flight Management System

Fuel Scale Factors

feet

ARTCC Host System Computer

Houston Hobby International Airport
Washington Dulles International Airport
Houston- ntercontinental Airport
Integrated Air Traffic Model

Instrument Flight Rules

Instrument Meteorological Conditions
Integrated Terminal Weather Service

N.Y. Kennedy International Airport

knot, nautical mile per hour

Las Vegas McCarran International Airport
Los Angeles International Airport

N.Y. LaGuardia Airport

Lateral Navigation

Conflict Probe Missed Alert

Orlando International Airport

Chicago Midway Airport

Memphis International Airport

Metering Fix

Miami International Airport
Minneapolis-St. Paul International Airport
National Airspace System
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NASA
NOAA
OAK

OVR
PAZ
PCA
PDX
pFAST
PHL
PHX
PIT
RTA
I'SS
RUC

SFO

SID

SLC
SRC

STA
STAR
STL

TH

TMA
TOD
TRACON
TS

T™W
URET CCLD
VFR
VMC
VNAV
Wx

En Route Descent Advisor Benefits

Nationa Aeronautics and Space Administration
Nationa Oceanic and Atmospheric Administration
Oakland Internationa Airport

Outer Marker

Chicago O’ Hare International Airport
Overflight Operation

Protected Airspace Zone

Point of Closest Approach

Portland International Airport

CTAS Passive-Final Approach Spacing Tool
Philadel phia International Airport

Phoenix Sky Harbor International Airport
Greater Pittsburgh International Airport
Required Time of Arrival
Root-Sum-Squared

Rapid Update Cycle

San Diego Internationa Airport
Seattle-Tacoma Internationa Airport

San Francisco International Airport

Standard Instrument Departure

Salt Lake City International Airport

System Resources Corporation

Scheduled Time of Arrival

Standard Termina Arrival

St. Louis-Lambert International Airport
Runway Threshold

CTAS Traffic Management Advisor

Top of Descent

Termina Radar Approach Control

CTAS Trajectory Synthesizer

ITWS Terminal Winds Program
User-Request Evaluation Tool, Core Capabilities Limited Deployment
Visua Flight Rules

Visua Meteorologica Conditions

Vertical Navigation

Wesgther
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ZAU
ZBW
ZDC
ZDV
ZFW
ZHU
ZID
ZIX
ZKC
ZLA
ZLC
ZMA
ZME
ZMP
ZNY
ZOA
Z0B
ZSE
ZTL

Albuquerque, NM ARTCC
Chicago, IL ARTCC
Nashau, NH ARTCC
Leesburg, VA ARTCC
Denver, COARTCC
Ft.Worth, TX ARTCC
Houston, TX ARTCC
Indianapolis, IN ARTCC
Jacksonville, FL ARTCC
Kansas City, KSARTCC
LosAngeles, CA ARTCC
Salt Lake City, UT ARTCC
Miami, FL ARTCC
Memphis, TN ARTCC
Minneapolis, MN ARTCC
New York, NY ARTCC
Oakland, CA ARTCC
Cleveland, OH ARTCC
Sesattle, WA ARTCC
Atlanta, GA ARTCC
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Appendix A Trajectory Prediction Accuracy

Trajectory Prediction Accuracy is defined as the accuracy of aflight trgectory predicted at a
specific future location or set time horizon. This can be specified either in terms of (a)
position uncertainty at afixed future time point; or (b) timing uncertainty asto when the
aircraft crosses afuture range or atitude point.

In Chapter 1, the Airport Throughput Benefits used timing uncertainty of the arrival
descent trgjectory culminating at the arrival metering fix. Thisisused, in turn, to estimate
downstream runway threshold separations. In Chapter 2, the Center/TRACON delay
distribution benefits analysis a'so employs estimated arrival metering fix delivery timing
accuracy to define the amount of delay that can be shifted and absorbed in upstream
ARTCC airspace. In Chapter 4, the Separation Assurance ATM Interruptions benefits
analysisincorporates 12-minute trgectory prediction accuracy of all flight modes (arrival,
departure, over-flight), representing ATM conflict probe accuracy. Here, the assumptionis
that the conflict probe islooking ahead to where the aircraft will be 12 minutesinto the
future. In Chapter 4, the values of trgjectory prediction accuracy are used to derive other
ATM perception attributes, including acceptable controller spacing, percelved miss distance
and probability of conflict.

This appendix derives the various trgjectory prediction accuracy estimates used in these
report chapters. Reference [12] includes more detail on the trgjectory accuracy parameter
assumptions and modeling.

Calculation of Timing Error at the End of Climb or Descent Flight Segments

We begin by defining the quantitative expression for the timing error (a; ) for climb and
descent flight segments. That is the uncertainty in timing of the trajectory crossing a certain
point at the end of aclimb or descent phase of flight. The variance of the climb/descent
maneuver timing error was modeled using the following equation:

Oim = i O (A1)
o
Where: o.w = Total time delay error uncertainty (e.g., metering fix crossing time error)
A; = Sendgitivity of timing error to the error in parameter i (e.g., surveillance error)
o, = Set of 10 parameters defining the progress, or characteristics, of a trajectory that are
subject to error

Baseline estimates of the 10 A coefficients for the corresponding 10 contributing error
parameters are summarized in Table A.1 for the climb and descent flight segments. Descent
coefficients were based on high-fidelity aircraft smulation results, while climb coefficients
reflect individual parameter sensitivities using a CTAS stand-alone system with field data.
For severa parameters, climb sensitivities were unknown or unmeasurable from the field
datataken. Inthese cases (as noted in the table), the descent coefficient values were also
used for climbs, as afirst-cut approximation.
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Table A.1 Climb and Descent Model Sensitivity Coefficients

Flight Phase Timing Error Sensitivity Coefficients
Parameter Units Climb Descent
Initial Weight sec/% 24.2 0.88
(Thrust — Drag) sec/% 4.08* 1.39
TOD Placement sec/nm N/A 4.08
Speed. Adherence sec/kt 11.1* 1.46
X-Track Wander sec/nm 1.77** 1.77
Aircraft Navigation Bias sec/deg 1.94** 1.94
Turn Dynamics sec/sec 1.11** 1.11
Wind Forecast sec/kt 3.7 0.95
Temperature Forecast sec/°’C 8.7* 4.62
Surveillance sec/kt 0.26** 0.26

* Path distance errors at TOC converted to time error based on speed of 415 kts at TOC
** Climb coefficients set equal to descent coefficients, due to lack of climb data.

Table A.2 presents the contributing error parameter values required to calculate ATM
trgjectory prediction timing accuracy using Equations (A.1). The error statisticsin Table
A.2 are presented in the form of aroot-sum-square (rss) error. Reference [12] provides

supporting detail on the component mean and standard deviation (o) of the error used to
derive the rssfor each parameter and ATM DST technology case. Here, values are
presented for the FFP1 Baseline and the EDA cases. These values draw extensively from
the literature, current research, and supplemented by discussions with NASA conflict probe
experts to quantitatively differentiate the various proposed technology cases by flight mode.
In all cases, these error parameter values assume jet aircraft with an onboard FM S flight
control (LNAV and VNAYV) in the en route airspace.

A key Basdline limitation in predicting climb and descent timing isthe lack of common
ATM-aircraft knowledge of speed profile and top of climb/descent location. This leads to
large errors in speed adherence and estimated TOD placement. These errors are reduced for
metered descents with the EDA-cal culated maneuver advisories, where the pilot is expected
to be targeting the controller-cleared EDA descent advisory. The EDA improvement is
reflected in the two shaded cellsin Table A.2.
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Table A.2 Assumed Trajectory Prediction Contributing Error Values

Prediction Error (1-sigma, Jet with FMS)

FFP1 Basdline EDA
Parameter Uglt d Cr D d Cr D)
Initial Weight % 9.2 N/A 7.8 9.2 N/A 7.8
(Thrust — Drag) % 5.9 N/A 5.9 5.9 N/A 5.9
TOD Placement nm N/A N/A 20 N/A N/A | 0.25
Speed Adherence( (Ov. 1) Kt 15 15 15 15 15 4.0
X-Track Wander nm | 014 N/A 0.14 0.14 N/A 0.14
AC Navigation Bias deg. | 0.15 N/A 0.15 0.15 N/A 0.15
Turn Dynamics Sec 2.3 N/A 2.3 2.3 N/A 2.3
Wind Forecast (Gv.w) Kt 12.0 134 12.0 12.0 134 | 120
Temperature Forecast °C 1.0 N/A 10 10 N/A 1.0
Surveillance-Speed (Ov.s) Kt 131 125 13.1 13.1 125 ] 131
Surveillance-Position nm N/A 0.87 N/A N/A 0.87 N/A

Key Error Sources/References.

Initial Weight — Baseline root-sum-squar (rss) of airline fleet data [46].

Thrust - Drag — Baseline rss of NASA TSRV test results [47].

TOD Placement — Baseline CTAS-FMS mismatch, EDA FMS typical RNAV error rss of 0.25 nm.
Speed Adherence — Baseline CTAS-FMS mismatch & FTE, EDA improves arrival target [47].
X-Track Wander — Baseline rss [10].

AC Navigation Error — Baseline FMS GPS/INS Guidance system error of 0.15 degrees.

Turn Dynamics — Baseline FMS-guided rss error [48].

Wind Forecast — Baseline RUC 3-hour forecast [49].

Temperature Forecast — Baseline RUC 3-hour forecast [50].

Radar Surveillance — Baseline along-track position and ground speed error of Secondary Surveillance Radar
[47].

Calculation of Position Error at the End of Climb, Cruise or Descent Flight
Segments

We next define a quantitative expression for trajectory position prediction accuracy at the
ends of climb, cruise and descent phases of flight. Here it is assumed that the climb phase
ends with a cruise segment, the descent phase begins with a cruise segment, and the cruise
phaseis at a constant atitude. In each case, afixed time horizon is used to define the end
point of the particular phase.

A convenient mathematical model for determining the along-track position error of asingle
aircraft at a certain time point into the future can be described by the following equation:

UP,Pred (T): W (AZ)

Where: Orpred = Predicted trajectory position error
oOp, 0y = Position and velocity error terms
T = Time period of flight cruise segment subject to velocity errors

Thefirst variance term in Equation (A.2) represents either the initial or intermediate position
error contribution of the trgjectory. For aclimb tragjectory consisting of a climb segment
followed by a cruise segment, it represents the position error at the end (top) of the climb
segment. For a descent trgjectory consisting of cruise and descent segments, it represents
the contribution to position error due to the descent segment alone (i.e., a the end of the
descent segment.) Thus, this position error term is directly related to the climb or descent
timing error described previously by Equation (A.1) for those trgectories that have climb or
descent segments. That is, if we use some average trajectory ground speed Vy,, then:
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o, = ESMVMZ (A.3)

Where: Vi = Average velocity during the climb or descent segment

In this study, an average climb or descent ground speed of 350 ktswas used. Thisisthe
rough average of arrival/departure meter fix crossing speed of 280 kts and TOD/TOC speed
of 415 kts.

For a cruise trgjectory, the first term in Equation (A.2) represents the uncertainty in position
of the aircraft at the beginning of that trajectory. Thisis ssmply the error in the surveillance
system position measurement at that time.

In Equation (A.2), o, represents the velocity-related error contribution that accrues during
the cruise segment of the trgjectory with aparticular time horizon. Thisterm is expanded
as.

_ 2 2 2
g, = va,s tOyw YOy rre (A.4)
Where: Oy s, Oy w: Oy rre = Surveillance, wind, and speed adherence error terms from Table A.2.

Time Horizon and 1 for Climb, Cruise, and Descent Trajectories

In Equation (A.2), for the climb trgectory, the parameter 7 is set to the portion of the
trajectory that is assumed to remain after the climb segment is complete. For the descent
trgjectory, 1is set to the time period of the cruise segment that precedes the descent
segment. For the cruise trajectory, 7is set to the entire length of the trajectory time horizon
being investigated.

In this study, advisories from the DSTs are assumed to be provided to controllers at 20
minutes before some predicted future conflict event. Thisis assumed to be followed by an
8-minute controller/pilot lag, resulting in a 12-minute time horizon. This 8-minute lag
covers both the controller issuance and pilot initiation of the resolution maneuver. Although
aDST technology-specific time horizon would likely be chosen to trade-off high
falsefmissed aerts with the cost of conflict resolution, this ssmplifying 12-minute common
time horizon was chosen to represent all cases.

For conflicts predicted to occur during cruise flight, only cruise trgjectory prediction errors
contribute. In this case, the value of 7in Equation (A.2) isset at 12 minutes. For conflicts
identified to occur during either climb or descent flight, the conflict probe time horizon is
assumed to nominally encompass half the climb or descent segment error, with the
remaining time period accruing cruise accuracy errors. A 20-minute climb (10,000 ft to the
TOC) and 15-minute descent (TOD to 10,000 ft ) were assumed. Thus, for aclimb
trgjectory, it isassumed that 10 minutes of the trgjectory is from the climb segment, and ris
set at 2 minutes to cover the remaining cruise segment. For a descent trgectory, it is
assumed that 7.5 minutes of the trgjectory is from the descent segment, and risset to 4.5
minutes to cover the preceding cruise segment.
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This approximate trajectory model isillustrated in Figure A.1 for arrivals. In Figure A.1,
the prediction accuracy of aconflict predicted to involve a descending aircraft (at conflict
PCA), but predicted while that aircraft was in cruise would include error contributions from
both descent (half of 15-minute descent duration) and cruise (remaining 4.5 minutes) flight
segments. Conversely, the prediction accuracy of aconflict predicted to involve acruising
arrival flight (PCA occurs prior to descent) would include only cruise error contributions.
Paralldl situations apply to trajectory accuracy of departure climb and cruise flight
segments.

e

* Conflict Location

--- Time Horizon (1)

Figure A.1 Arrival Conflict Time Horizon

Estimated Trajectory Prediction Accuracy

Traectory prediction accuraciesin both timing and position are estimated using Table A.2
error parameter valuesin Equations (A.1) through (A.4), dong with Table A.1
climb/descent timing sensitivity coefficients and the common 12-minute time horizon value.
Table A.3 showsthe error contributions and resulting 12-minute trajectory prediction error
in climb, cruise and descent segments for arrival, overflight, and departure operations. The
first row presents the timing error from Equation A.1 for Baseline and EDA cases. Note
that EDA reduces the timing error at end of the descent segment from 86.1 sec to 17.9 sec.
The second and third rows represent the position and velocity terms for Equation (A.2).
For the climb and descent segments, the position error term is derived from the
corresponding timing error term using Equation (A.3). Thelast row of Table A.3 shows
composite predicted position error resulting from these calculations for the various flight
phases. In the case of arrival-descent and departure-climb conflicts, the 12-minute
trgjectory prediction error includes a combination of climb or descent segment and cruise
segment errors. Note that the FFP1 Baseline descent maneuver timing error was calibrated
to approximate the 90 second arrival fix delivery accuracy observed in the 1997 DFW
prototype TMA field tests[30]. The EDA case was similarly calibrated to the 15-20 second
error observed in the 1992-1995 EDA prototype field tests[10]. Note that shading of acell
indicates improvement from the previous case.
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Table A.3 Assumed ATM Trajectory Prediction Accuracy Parameters

Units FFP1 Basdine EDA
DEP OVR ARR DEP OVR ARR
Al XR|[|R|[R[DJ]A]| R|R|R|D
Error Components

Maneuver g;, sec 283 NA NA NA 86.1 283 NA NA NA 17.9
Position o, nm 137 087 | 087 ] 087 ] 418 | 137 | 087 | 087 | 0.87 | 0.87
Velocity o, nm/mi 039 | 0.39 0.39 039 | 039 | 0.39 0.39 0.39 0.30 | 0.30

n

12-minute Trajectory Prediction Accuracy
Predicted nm 13.8 4.7 4.7 4.7 45 13.8 4.7 4.7 3.74 4.0
Position Error
g pored (T) i i § i i
Note: Bold values calibrated to approximate 90 and 15-20 second (1-sigma) metering fix delivery error of TMA [30] and EDA [10]

prototype field tests.

* Applies to metered arrivals only.

Again, both Chapters 1 and 2 employ the arrival descent maneuver timing error (i.e.,
arrival metering fix delivery error) in the benefits calculations. Chapter 4 employs the 12-

minute trgjectory prediction accuracy of al flight phases, as part of ATM perception
assumed in the estimation of separation assurance benefits.
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Appendix B Annual/NAS Extrapolation Assumptions

Table B.1 CY1996 Domestic ARTCC Operations

ARTCC ARTCC ARTCC
ARTCC Facility Departure Ops | Overflight Ops | Total Ops (1)

ZAB Albuquerque, NM ARTCC 506,188 493,112 1,505,488
ZAU Chicago, IL ARTCC 1,180,494 533,343 2,894,331
ZBW Nashau, NH ARTCC (BOS) 697,875 331,101 1,726,851
ZDC Leesburg, VA ARTCC (DC) 831,358 668,368 2,331,084
ZDV Denver, CO ARTCC 434,387 658,530 1,527,304
ZFW Ft.Worth, TX ARTCC 854,283 409,328 2,117,894
ZHU Houston, TX ARTCC 825,674 201,509 1,852,857
ZID Indianapolis, IN ARTCC 669,509 882,649 2,221,667
ZIX Jacksonville, FL ARTCC 607,723 662,712 1,878,158
ZKC Kansas City, KS ARTCC 691,746 602,863 1,986,355
ZLA Los Angeles, CA ARTCC 927,509 125,726 1,980,744
ZLC Salt Lake City, UT ARTCC 378,163 752,723 1,509,049
ZMA Miami, FL ARTCC 725,485 90,866 1,541,836
ZME Memphis, TN ARTCC 575,462 827,193 1,978,117
ZMP Minneapolis, MN ARTCC 762,151 503,146 2,027,448
ZNY New York, NY ARTCC 763,938 511,985 2,039,861
ZOA Oakland, CA ARTCC 616,385 135,186 1,367,956
Z0B Cleveland, OH ARTCC 967,543 935,158 2,870,244
ZSE Seattle, WA ARTCC 647,722 97,069 1,392,513
ZTL Atlanta, GA ARTCC 943,365 565,941 2,452,671
ZAN Anchorage, A ARTCC 225,034 45,121 495,189
ZUA Guam CERAP 32,112 8,560 72,784

(1) ARTCC Total Operations is calculated as: 2 x (ARTCC Departure ops) + (ARTCC Overflight Ops)

Source: Office of Aviation Policy and Plans, Washington, DC 20591, Air Traffic Activity query, APO Data System, FAA APO
Home Page, Internet WWW Site (Nov 19,1998).
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Table B.2 Airport Operations, Delays, and Rush Arrival Interruption Rates

CY 1996 CY 1996 Delay Rush Arrival Rate
Airport Delays >15 min  Category per 100 ops (2)
Airport Operations per 1000 ops (1) No. Arr Dep

EWR - Newark 443,431 65.25 1 39.46 47.45
SFO - San Francisco 442,281 56.57 1 39.46 47.45
LGA - N.Y. LaGuardia 342,618 46.22 1 39.46 47.45
ORD - Chicago O'Hare 909,186 34.46 2 34.91 41.97
STL - St. Louis 517,352 34.04 2 34.91 41.97
JFK - N.Y. Kennedy 360,511 29.53 2 34.91 41.97
BOS - Boston 462,507 26.37 2 34.91 41.97
LAX - LosAngeles 764,002 24.13 3 30.35 36.50
ATL - Atlanta 772,597 23.88 3 30.35 36.50
DFW - Dallas-Ft. Worth 869,831 19.59 3 30.35 36.50
PHL - Philadelphia 406,121 17.95 3 30.35 36.50
IAH - Houston International 391,939 11.45 4 24.28 29.20
CVG - Cincinnati 393,523 10.38 4 24.28 29.20
MSP - Minneapolis 483,570 9.29 4 24.28 29.20
DTW - Detroit 531,098 9.10 4 24.28 29.20
PHX - Phoenix 544,363 7.25 4 24.28 29.20
IAD - Washington Dulles 330,439 6.81 4 24.28 29.20
MIA - Miami 546,487 6.79 4 24.28 29.20
MDW - Chicago Midway 254,351 6.70 4 24.28 29.20
PIT - Pittsburgh 447,436 6.60 4 24.28 29.20
CLT - Charlotte 457,054 6.55 4 24.28 29.20
DCA - Washington National 309,754 6.53 4 24.28 29.20
SEA - Sedttle 397,591 6.37 4 24.28 29.20
CLE - Cleveland 291,029 4.68 5 18.21 21.90
MCO - Orlando 341,942 4.59 5 18.21 21.90
LAS- LasVegas 479,625 3.68 5 18.21 21.90
BWI - Baltimore-Washington 270,156 3.67 5 18.21 21.90
SLC - Sdlt Lake City 373,815 3.53 5 18.21 21.90
SAN - San Diego 243,595 331 5 18.21 21.90
HOU - Houston Hobby 252,254 257 5 18.21 21.90
PDX - Portland 305,964 241 5 18.21 21.90
DEN - Denver 454,234 1.90 5 18.21 21.90
FLL - Ft. Lauderdale 236,342 1.53 5 18.21 21.90
BDL - Bradley 160,752 1.36 5 18.21 21.90
BNA - Nashville 226,274 0.73 5 18.21 21.90
MEM - Memphis 363,945 Not Available 5 18.21 21.90
OAK - Oakland 516,498 Not Available 5 18.21 21.90

(1) Source: FAA “1997 Aviation Capacity Enhancement Plan,” Office of System Capacity. (Dec 1997)

(2) Rush Arrival rates assumed to be 130%,115%, 100%, 80% and 60% of simulated DFW rush arrival rate [12], based on 1996
FAA delay data and category criteria shown in Table B.3
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Table B.3 Rush Arrival Rate Criteria
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CY 1996 (1) Proportion of DFW Rush Arrival Rate
Category Delays > 15 minutes (category 3) (Rush Arrivals
No. Per 1000 Airport Ops Rush Arrival Rate Per 100 Airport Ops)
1 >35 130% 39.46
2 25-35 115% 34.91
3 15-25 100% 30.35(2)
4 5-15 80% 24.28
5 <5 60% 18.21

(1) FAA CY1996 Delay Data[31], as shown in Table B.2.
(2) DFW Rush Arrival Rate per ATM Interruptions Model analysis of Chapters 3 and 4.
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Appendix C Airport Throughput Analysis Assumptions

Table C.1 Assumed Airport Runway Configurations

Configuration

Arrival Runways

Departure Runways

Atlanta (ATL) IFR & VFR 08L, 09R 08R, 09L
Nashville (BNA) IFR & VFR 02C, 02R 02L, 02R, 31
Boston (BOS) IFR 04R 04R, 04L, 09

VFER 04R, 04L 04R, 04L, 09
Baltimore (BWI) IFR 15R, 15L, 10 15R, 15L

VFR 33L, 33R, 28 22 33R, 28, 22
Charlotte (CLT) IFR & VFR 36L, 36R 36L, 36R
Cincinnati (CVG) IFR & VFR 18L, 18R 18L, 18R, 27
Washington National (DCA) IFR 36 36, 33, 03

VFR 36, 33, 03 36, 33, 03
Denver (DEN) IFR & VFR 34, 35L, 35R 34, 35L, 35R
Dallas-Ft. Worth (DFW)* IFR 36L, 35C, 35R 35L, 36R

VFR 36L, 35C, 35R, 31R 35L, 36R, 31L
Detroit (DTW) IFR & VFR 03L, 03R 03C, 03L
N.Y. Newark (EWR) IFR 04R 04L

VFR 04R, 11 04L, 11
Washington Dulles (IAD) IFR 01R 01L, 30

VFR 01R, O1L 01L, 30
Houston Intercontinental (IAH) IFR 26, 27 14L, 14R

VFR 08, 09 14L, 14R
N.Y. Kennedy (JFK) IFR & VFR 13L, 13R 13L, 13R
LasVegas(LAYS) IFR 25R, 25L 25R, 25L

VFR 19L, 25R, 25L 19L, 25R, 25L
Los Angeles (LAX) IFR 25L, 24R 25R, 24L

VFR 25L, 24R 25R, 24L
N.Y. LaGuardia (LGA) IFR 04 13

VFR 22 13
Orlando (MCO) IFR 18L, 17 18R, 17

VFR 18R, 18L, 17 18R, 18L, 17
Memphis (MEM) IFR 18L, 18R 18C, 18R

VFR 18L, 18R, 27 18C, 18R
Miami (MIA) IFR 09L, 09R 09L, 09R, 12

VFR 09L, 09R, 12 09L, 09R, 12
Minneapoalis (MSP) IFR & VFR 29L, 29R 29L, 29R
Chicago O'Hare (ORD) IFR 14R, 14L 09R, 09L

VFER 14R, 22R, 22L 27L, 22R
Philadelphia (PHL) IFR & VFR 27R, 17 27L, 17
Phoenix (PHX) IFR 08R 08L

VFR 08L, 08R 08L, 08R
Pittsburgh (PIT) IFR & VFR 10L, 10R 10C, 14
Sesttle (SEA) IFR 16R 16L

VFR 16L, 16R 16L, 16R
San Francisco (SFO) IFR 28R 28L, 28R

VFR 28R, 28L 01iL, O01R
Salt Lake City (SLC)* IFR 34L, 34R 34R, 35

VFR 34L, 34R 34L, 34R, 35
St. Louis (STL) IFR 30L, 30R 30L, 30R

VER 30L, 30R, 24 30L, 30R
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* New airport runways indicated in bold type.

Table C.2 FAA-Based 1998 Time and Fuel Cost Rates by Aircraft Class

FAA-Based Cost Rates ($/hr) Fuelburn*
Engine Engine A/lC A/C Time Cost Fuel & Oil Cost (Ibs/min)
Type Num Size Class Crew Maint. Subtotal Airborne Ground** Gd Hold (1)

J 4 H 4JH 2,488 1,699 4,187 2,703 901 150
J 4 L 4JL 582 990 1,572 829 276 46
J 3 H 3JH 1,981 1,459 3,440 1,827 609 102
J 3 L 3JL 1,188 712 1,900 1,025 342 57
J 3 S+ 3JS+ 280 596 876 626 209 35
J 2 H 2JH 1,489 780 2,269 1,152 384 64
J 2 LH 2JLH 1,164 493 1,657 754 251 42
J 2 L 2JL 851 531 1,382 651 217 36
J 0 L JL 701 527 1,228 593 198 33
J 2 LS 2JLS 551 523 1,074 535 178 30
J 2 S+ 2JS+ 251 515 766 420 140 23
J 0 S+ JS+ 238 438 676 335 112 19
J 2 S 2JS 225 361 586 249 83 14
J 1 L 1JL 240 400 640 300 110 18
J 1 S+ 1JS+ 175 250 425 210 80 13
J 1 S 1Js 110 180 290 130 50 8
T 4 L 4TL 672 998 1,670 571 190 32
T 3 L 3TL 439 671 1,110 421 140 23
T 2 L 2TL 205 344 549 270 90 15
T 0 L TL 203 324 527 226 75 13
T 2 S+ 2TS+ 201 303 504 181 60 10
T 0 S+ TS+ 197 280 477 164 55 9
T 2 S 2TS 193 257 450 147 49 8
T 0 S TS 155 199 354 128 43 7
T 1 S+ 1TS+ 117 140 257 109 36 6
T 1 S 1TS 114 110 224 103 34 6
P 4 L 4PL 250 275 525 500 167 28
P ) S 3PS 220 245 465 445 148 25
P 2 L 2PL 190 215 405 390 130 22
P 2 S+ 2PS+ 200 204 404 193 64 11
P 0 S+ PS+ 136 149 285 131 44 7
[ 2 S 2PS 72 93 165 68 23 4
P 0 S PS 72 7 149 57 19 3
P 1 S+ 1PS+ 72 60 132 45 15 3
P 1 S 1PS 72 27 99 22 7 1

(Rockwell 0 0 SST 2,488 1,699 4,187 7,363 2,454 409
J 8 L 8JH 2,488 1,699 4,187 2,703 901 150

Consumer Price index (CPI) Oil & Gas Deflater

1982-84 base 100.0 1992 base 100

1996 153.0 1996 104.2

Escalation Factor Crew Maint Subtotal Airbourne Ground
1996 1.000 1.000 1.000 1.000 1.000 1.000

Note: Shaded aircraft classes are interpolated/e xtrapolated from non-shaded values of FAA source.

* Assumes Fuelcost of $0.101b

** Ground Fuel and oil cost is assumed to be 1/3 of airbourne per advice of airline personnel.

Sources: FAA, "E conomic Values for Evaluation of Federal Administration Investment and Regulatory Programs," Final Report FAA-AP O-98-8,
Office of Aviation Policy and Plans. (June 1998)
FAA, "FAA Aviation Forecasts Fiscal Years 1998-2009," Final Report FAA-APO-98-1, Office of Avaiation Policy and Plans. (March 1998)
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Table C.3 Airport Characteristics
Historical 1996 Airport Cost Rates

ATL
BDL
BNA
BOS
BWI
CLE
CLT
CvG
DCA
DEN
DFW
DTW
EWR
FLL
HOU
IAD
IAH
JFK
LAS
LAX
LGA
MCO
MDW
MEM
MIA
MSP
OAK
ORD
PDX
PHL
PHX
PIT
SAN
SEA
SFO
SLC
STL

Airport

Atlanta

Bradley
Nashville
Boston
Baltimore
Cleveland
Charlotte
Cincinnati
Washington National
Denver
Dallas/Ft. Worth
Detroit

Newark

Ft. Lauderdale
Houston Hobby
Washington Dulles
Houston Intercontinental
N.Y. Kennedy
LasVegas

Los Angeles Int'l
N.Y. LaGuardia
Orlando

Chicago Midway
Memphis

Miami
Minneapolis
Oakland

Chicago O'Hare
Portland
Philadelphia
Phoenix
Pittsburgh

San Diego
Sedttle

San Francisco
Salt Lake City
St. Louis

Share (%) ($/min) **

IMC* Departure Arrival
14.2% 27.76 35.60
14.6% 16.92 21.72
9.5% 14.54 18.44
15.6% 19.74 25.11
12.4% 19.37 24.65
15.6% 21.54 27.44
12.5% 18.50 23.48
15.0% 19.52 24.99
10.7% 20.99 26.62
6.0% 23.71 30.25
8.4% 23.53 30.08
16.6% 24.54 31.27
16.6% 24.99 32.09
3.0% 18.14 23.17
13.5% 18.64 23.94
11.7% 16.90 21.53
12.7% 22.15 28.34
15.0% 34.19 44,75
0.3% 20.33 25.83
22.2% 26.45 33.96
16.4% 23.30 29.72
5.9% 21.19 27.05
15.1% 20.31 26.02

9.2% 23.52 30.23
2.3% 23.60 30.32
11.6% 22.23 28.30
14.4% 14.14 18.18
16.1% 26.91 34.53
10.2% 18.40 23.50
15.0% 20.37 25.91
0.5% 20.84 26.44
24.6% 19.14 24.23
12.6% 25.76 32.96
14.9% 23.33 20.84
12.5% 27.46 35.26

5.6% 20.96 26.84
11.5% 22.33 28.46

* Annual Occurrence of IMC (percent) during hours of 7AM to 10PM [54].
* Average value, weighted by aircraft class distribution. Departure rates assume ground hold rates, arrival rates
assume airborne rates.
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Appendix D Metering Conformance Analysis Assumptions
Table D.1 B737 Fuelburn Rates from High-Fidelity Model Simulations

Cruise

Altitude (ft)
1000
11000
13000
15000
17000
19000
21000
23000
25000
27000
29000
31000
33000
35000
37000
39000

Cruise

Altitude (ft)
1000
11000
13000
15000
17000
19000
21000
23000
25000
27000
29000
31000
33000
35000
37000
39000

B737 Fuelburn (Ibs/min)

CAS Cruise Speed (kts)

100/ 200 205/ 210 215| 220 225 230 235/ 240 245 250 255, 260 265 270| 275
816 8lL6 826 836 8490 862 877 89.3 009 928 948 960 990 1014 103.9 1064 109.0
81.6| 81.6 826 83.6 849 862 877 89.3 909 928 948 969 99.0 1014 103.9 106.4 109.0
80.7 80.7 816| 827 840 853 867 884 900 918 939 959 9811003 102.8 1054 108.0
798| 79.8 808 81.8 831 844 858| 87.4 891 909 929| 949 971 99.4|101.9 1045 107.1
792 79.2 801 8l.1 824 836 850 866 883 901 921| 942 963 986 101.1 103.6 106.3
785 78.5 795 80.5 81.6 829 842 | 859 87.6 894 9l4| 935 056 97.8 100.2 102.7 105.3
780/ 78.0 790 80.0 81.1 824 838| 854 871 888 90.8| 929 950 97.1| 99.6 102.1 104.6
777 77.7 786 79.6 807 820 834| 851 867 884 904 925 947| 969 99.2 1017 | 104.3
774 77.4 782 79.2 804 817 831| 847 865 882 902| 923 943 964  98.8 101.4 104.1
773 77.3 782 79.1 802 815 828 843 860 877 895 91.6 938| 960 98.4 101.1| 103.8
772 772 779 788 799 81.2 824| 838 855 873 892 914 93.6 960 98.4 101.2 104.1
773 77.3 779| 789 799 811 824 838 856 875 894 916 939| 964 98.9 1018 105.1
777 77.7 782| 79.1 801 814 827 842 860 878 89.8 922 948| 975 100.8 104.4 110.2
785| 785 788 79.8 808 821 835 850 869 890 911 939 981 1028 109.4 112.6 112.7
804 80.4 80.7| 81.6 825 838 854 87.1 891 928 972 1027 1021|1021 102.2 1022 102.2
843 843 843| 848 860 87.2 894 91.8 902 903 904 904 905| 905 90.5 90.6 90.6
280/ 285 290/ 295 300 305 310 315 320 325 330 335 340 345 350 400
111.7 | 114.6 117.6 120.8 1239 127.2 130.6| 134.1 137.8 1416 1454 149.3 153.3| 157.6 162.0 162.0
111.7 | 114.6 117.6| 120.8 123.9 127.2 130.6 134.1 137.8 1416 1454 1493 153.3| 157.6 162.0 162.0
1107 | 113.6 116.7| 119.8 123.0 126.3 129.6 133.1 136.7 1404 144.3 1484 152.6| 156.9 161.2 161.2
109.8  112.7 1157  118.9 1221 1254 128.6| 132.0 1357 139.6 143.6 147.7 151.8| 156.1 160.4 160.4
108.9 | 111.7 114.7| 117.8 1209 124.2 127.7 131.2 1349 1388 142.8 1469 151.0| 1555 160.1 160.1
107.9 | 110.6 113.6| 116.8 120.1 123.5 127.0 130.5 134.2 1381 142.1 146.4 15009 | 1555 160.4 160.4
107.3 | 110.1 113.1| 116.4 119.6 123.0 1265 130.1 133.8 137.8 142.1 1467 1515 156.3 162.0 162.0
107.0 | 109.8 112.8| 116.1 119.3 122.8 126.4 130.1 134.1 1385 142.9 147.8 153.9| 161.9 169.2 169.2
106.7  109.5 1125 115.8 119.4 123.0 126.9 130.9 134.9 1400 147.1 1556 158.6 158.6 158.6 158.6
106.6 | 109.7 112.9 116.4 120.1| 124.0 1285 134.3 1425 150.1 1495 | 1495 149.5 149.6 149.6 149.6
107.2 | 110.3 1139 117.9 123.0 130.5 139.3 140.3 140.4 1404 140.4 140.4 140.4 1404 140.5 1405
108.8 113.0 119.0 128.2 131.1 131.1 131.2 131.2 1312 1312 131.2 1313 131.3 131.3 131.3 1313
118.7| 121.6 121.7 121.7 121.7|121.7 121.8 121.8 1218 121.8 1218|1218 121.8 1219 121.9 121.9
112.7 | 112.7 1127 112.8 112.8 | 112.8 112.8 112.8 1129 1129 1129 1129 1129 1129 112.9 1129
102.3  102.3 102.3  102.3 102.4 102.4 102.4 102.4 102.4 | 1025 102.5 1025 1025 1025 102.5 1025
90.6| 90.7 90.7/ 90.7 90.7 90.7 90.8 90.8 90.8 90.8 90.8 90.8 909/ 90.9/ 90.9 90.9
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Table D.2 BADA “Low” Cruise Speeds by Altitude and Aircraft Class [37]

FL Aircraft Class 4JH 43/ 3JH 3JL 3J/S+ 2JH 2J/ILH 2JIL JL 2JILS 2J/S+ Jis+ 2Js 1L 1S+ 158 4TIL
Aliagd Class: 2JL 2J/S+ 2J/S+ 2J/S+ 2)/S+ 2)/S+
Crruise CAS (kt)
250 250 250 250 250 250 250 250 250 250 237 237 237 237 237 237 220
Cruise TAS (kt)

0 na na na na na na na na na na na na na na na na na
5 na na na na na na na na na na na na na na na na na
10 na na na na na na na na na na na na na na na na na
15 na na na na na na na na na na na na na na na na na
20 na na na na na na na na na na na na na na na na na
30 261 261 261 261 261 261 261 261 261 261 247 247 247 247 247 247 230
40 265 265 265 265 265 265 265 265 265 265 251 251 251 251 251 251 233
60 272 272 272 272 272 272 272 272 272 272 258 258 258 258 258 258 240
80 280 280 280 280 280 280 280 280 280 280 266 266 266 266 266 266 247
100 289 289 289 289 289 289 289 289 289 289 273 273 273 273 273 273 254
120 297 297 297 297 297 297 297 297 297 297 282 282 282 282 282 282 262
140 306 306 306 306 306 306 306 306 306 306 290 290 290 290 290 290 270
160 316 316 316 316 316 316 316 316 316 316 299 299 299 299 299 299 279
180 326 326 326 326 326 326 326 326 326 326 309 309 309 309 309 309 288
200 336 336 336 336 336 336 336 336 336 336 319 319 319 319 319 319 297
220 346 346 346 346 346 346 346 346 346 346 329 329 329 329 329 329 306
240 358 358 358 358 358 358 358 358 358 358 339 339 339 339 339 339 316
260 369 369 369 369 369 369 369 369 369 369 350 350 350 350 350 350 327
280 381 381 381 381 381 381 381 381 381 381 362 362 362 362 362 362 338
300 394 394 394 394 394 394 394 394 394 394 374 374 374 374 374 374 349
320 407 407 407 407 407 407 407 407 407 407 386 386 386 386 386 386 361
340 420 420 420 420 420 420 420 420 420 420 399 399 399 399 399 399 373
360 434 434 434 434 434 434 434 434 434 434 413 413 413 413 413 413 386
380 452 452 452 452 452 452 452 452 452 452 431 431 431 431 431 431 403
400 472 472 472 472 472 472 472 472 472 472 449 449 449 449 449 449 420

FL Aircraft Class [2T/L TIL 2T/s+ T/S+ 2TIS TS 1T/s+ 1T/s 4PIL 3PIS 2PIL 2P/S+ P/S+ 2PIS 25 1P/S+ 1P/S

Aliazd Class: 2TIL 2T/s+ 2T/S 2T/s 2TIS 2PIS 2P/S 2PIS 2P/S 2P/S 2PIS 1PIS
Cruise CAS (kt)
250 209 210 210 226 226 226 226 154 154 154 154 154 154 154 130 130
Cruise TAS (kt)

0 na na na na na na na na na na na na na na na na na
5 na na na na na na na na na na na na na na na na na
10 na na na na na na na na na na na na na na na na na
15 na na na na na na na na na na na na na na na na na
20 na na na na na na na na na na na na na na na na na
30 218 218 219 219 236 236 236 236 161 161 161 161 161 161 161 136 136
40 221 221 222 222 240 240 240 240 163 163 163 163 163 163 163 138 138
60 228 228 229 229 247 247 247 247 168 168 168 168 168 168 168 142 142
80 235 235 236 236 254 254 254 254 173 173 173 173 173 173 173 146 146
100 242 242 243 243 262 262 262 262 178 178 178 178 178 178 178 151 151
120 249 249 250 250 270 270 270 270 184 184 184 184 184 184 184 156 156
140 257 257 258 258 278 278 278 278 190 190 190 190 190 190 190 161 161
160 265 265 266 266 287 287 287 287 196 196 196 196 196 196 196 166 166
180 274 274 275 275 296 296 296 296 202 202 202 202 202 202 202 171 171
200 282 282 284 284 305 305 305 305 209 209 209 209 209 209 209 177 177
220 291 291 293 293 315 315 315 315 216 216 216 216 216 216 216 183 183
240 301 301 302 302 325 325 325 325 223 223 223 223 223 223 223 189 189
260 311 311 312 312 336 336 336 336 231 231 231 231 231 231 231 196 196
280 321 321 323 323 347 347 347 347 239 239 239 239 239 239 239 203 203
300 332 332 334 334 359 359 359 359 247 247 247 247 247 247 247 210 210
320 344 344 345 345 371 371 371 371 256 256 256 256 256 256 256 218 218
340 356 356 357 357 383 383 383 383 266 266 266 266 266 266 266 226 226
360 368 368 370 370 396 396 396 396 275 275 275 275 275 275 275 234 234
380 384 384 386 386 414 414 414 414 288 288 288 288 288 288 288 245 245
400 401 401 403 403 431 431 431 431 301 301 301 301 301 301 301 257 257
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FL Aircraft Clasg:4J/H 4 J/L 3J/H 3J/L 3J/S+2J/H 2J3/LH 2J/L J/L 23J/LS 23/S+J /s+ 1J3/L 1J3/s+1J3/S 4T/L 3T/L

Aliased Class: 2J/L 2J/S 2J/s+2J3/s 2J/S 2T/ L

Fuel Bum Rate (kg/ min)

[0} 481.5 117.6 254.1 109.3 41.0 319.6 177.5 89.9 89.9 101.5 27.4 27.4 .3 27.4 10.3 10.3 58.6 18.0
5 a477.2 116.6 252.0 108.5 40.6 316.2 175.8 89.0 89.0 100.0 27.1 27.1 .2 27.1 10.2 10.2 59.9 17.9
10 473.0 115.6 249.9 107.7 40.2 312.8 174.1 88.2 88.2 98.4 26.8 26.8 .2 26.8 10.2 10.2 59.5 17.8
15 468.9 115.8 250.7 1082 39.7 310.1 172.9 87.7 87.7 97.1  26.7 26.7 5 26.7 10.5 10.5 59.2 17.7
20 464.7 114.8 248.6 107.4 39.3 306.8 171.2 86.8 86.8 95.6 26.5 26.5 B 26.5 10.5 10.5 58.9 17.5
30 456.9 117.6 255.7 111.3 38.5 302.7 169.9 86.8 86.8 93.5 26.6 26.6 .7 26.6 11.7 11.7 58.2 17.2
40 449.2 122.7 268.2 117.9 37.7 299.9 169.7 87.6 87.6 91.9 27.2 27.2 .6 27.2 13.6 13.6 57.6 16.9
60 436.9 130.3 270.0 125.1 36.1 291.7 166.3 87.9 87.9 88.9 28.4 28.4 .2 28.4 16.2 16.2 56.4 16.4
80 420.2 125.7 261.1 121.3 34.5 279.1 159.6 84.4 84.4 83.3 27.2 27.2 .1 27.2 16.1 16.1 55.1 15.8
100 403.6 121.2 252.1 117.4 33.0 266.8 152.9 81.0 81.0 77.9 26.0 26.0 .9 26.0 15.9 15.9 53.9 15.2
120 384.2 125.5 275.8 1259 31.5 260.1 150.3 80.5 80.5 73.6 24.9 24.9 .7 24.9 15.7 15.7 52.8 14.6
140 367.8 120.9 266.1 121.7 30.1 248.3 143.7 77.1 77.1 68.7 23.9 23.9 .4 23.9 15.4 15.4 51.7 14.0
160 351.5 116.3 256.5 117.5 28.7 236.8 137.2 73.7 73.7 64.1 22.8 22.8 .2 22.8 15.2 15.2 50.6 13.5
180 335.3 111.9 246.9 113.3 27.4 2256 130.8 70.5 70.5 59.8 21.8 21.8 .0 21.8 15.0 15.0 49.5 13.0
200 319.2 107.1 237.3 109.0 26.1 214.7 1245 67.3 67.3 565.7 20.9 20.9 .7 20.9 14.7 14.7 48.5 15285]
220 303.2 102.1 227.9 104.7 24.9 204.1 118.3 64.1 64.1 51.9 19.9 19.9 .4 19.9 14.4 14.4 47.6 12.0
240 287.2 97.3 218.6 100.3 23.7 193.7 112.2 61.1 61.1 48.5 18.9 18.9 .1 18.9 14.1 14.1 46.6 11.5
260 271.4 92.5 209.3 95.9 22.6 183.7 106.1 58.0 58.0 45.1 17.9 17.9 .7 17.9 13.7 13.7 45.8 11.0
280 255.6 88.0 199.5 91.5 21.5 173.9 100.1 54.7 54.7 42.0 17.0 17.0 .3 17.0 13.3 13.3 45.0 9.8
300 240.8 83.1 188.2 86.6 20.4 164.4 94.3 51.4 51.4 39.1 16.2 16.2 .9 16.2 12.9 12.9 44.2 9.4
320 225.5 77.7 175.4 80.6 19.5 154.5 87.9 48.1 48.1 36.6 15.4 15.4 .5 15.4 12.5 12.5 43.5 7.3
340 210.0 72.6 162.7 74.0 18.5 144.6 81.4 44.9 44.9 34.5 14.6 14.6 .8 14.6 11.8 11.8 42.9 7.0
360 194.7 67.8 150.6 67.5 17.6 135.1 75.1 41.7 41.7 32.6 13.7 13.7 .8 13.7 10.8 10.8 42.4 6.0
380 179.4 63.4 139.9 61.7 16.8 126.2 69.1 38.8 38.8 31.1 13.0 13.0 13.0 10.0 10.0 42.2 4.1
400 164.3 59.3 129.6 56.1 16.0 117.6 63.2 36.0 36.0 29.9 12.3 12.3 12.3 N2 9.2 42.2 3.9
FL Aircraft Clasg:2T/L T/L 2T/S+T/S+ 2T/S TI/S 1T/S+1T/S 4P/L 3P/S 2P/L 2P/S+P/S+ 2P/S P/S 1P/S+1P/S SST 8J/H

Aliased Class: 2T/L 2T/S+ 2T/S 2TI/sS 2T/S 2P/S 2P/S 2P/S 2P/S 2P/S 1P/S 43 /H 4J3/H

Fuel Bur n Rate (kg/ min)

o 18.0 18.0 10.1 10.1 5.6 5.6 5.6 5.6 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 481.5 481.5
5 17.9 17.9 10.2 10.2 5.6 5.6 5.6 5.6 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 477.2 477.2
10 17.8 17.8 10.2 10.2 5.6 5.6 5.6 5.6 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 473.0 473.0
15 17.7 17.7 10.2 10.2 5.7 5.7 5.7 5.7 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 468.9 468.9
20 17.5 17.5 10.1 10.1 5.6 5.6 5.6 5.6 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 464.7 464.7
30 17.2 17.2 10.0 10.0 5.5 5.5 5.5 5.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 456.9 456.9
40 16.9 16.9 9.8 9.8 5.4 5.4 5.4 5.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 449.2 449.2
60 16.4 16.4 9.5 9.5 5.2 5.2 5.2 5.2 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 436.9 436.9
80 15.8 15.8 9.2 9.2 5.1 5.1 5.1 5.1 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 420.2 420.2
100 15.2 15.2 8.9 8.9 4.9 4.9 4.9 4.9 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 403.6 403.6
120 14.6 14.6 8.7 8.7 4.7 4.7 4.7 4.7 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 384.2 384.2
140 14.0 14.0 8.3 8.3 4.6 4.6 4.6 4.6 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 367.8 367.8
160 13.5 13.5 8.1 8.1 4.4 4.4 4.4 4.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 351.5 351.5
180 13.0 13.0 7.7 7.7 4.2 4.2 4.2 4.2 2.5 2.5 2.5 2.5 2.5 2.5 2.5 na na 335.3 335.3
200 12.5 12.5 7.4 7.4 4.1 4.1 4.1 4.1 1.8 1.8 1.8 1.8 1.8 1.8 1.8 na na 319.2 319.2
220 12.0 12.0 7.0 7.0 4.0 4.0 4.0 4.0 1.8 1.8 1.8 1.8 1.8 1.8 1.8 na na 303.2 303.2
240 11.5 11.5 6.7 6.7 3.8 3.8 3.8 3.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 na na 287.2 287.2
260 11.0 11.0 6.3 6.3 3.7 3.7 3.7 3.7 1.4 1.4 1.4 1.4 1.4 1.4 1.4 na na 271.4 271.4
280 9.8 9.8 5.9 5.9 3.5 3.5 3.5 3.5 1.4 1.4 1.4 1.4 1.4 1.4 1.4 na na 255.6 255.6
300 9.4 9.4 5.5 5.5 3.4 3.4 3.4 3.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 na na 240.8 240.8
320 7.3 7.3 4.4 4.4 3.3 3.3 3.3 3.3 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 225.5 225.5
340 7.0 7.0 2.4 2.4 3.1 3.1 3.1 3.1 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 210.0 210.0
360 6.0 6.0 2.3 2.3 3.0 3.0 3.0 3.0 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 194.7 194.7
380 4.1 4.1 2.2 2.2 2.9 2.9 2.9 2.9 na na na na na na na na na 179.4 179.4
400 3.9 3.9 2.1 2.1 2.5 2.5 2.5 2.5 na na na na na na na na na 164.3 164.3
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Table E.2 Cruise Fuelburn by Altitude and Aircraft Class [37]

FL Aircraft Class:| 43/H 4J/L 3J/H 3J/L 3J/s+ 2J3/H 2J3/LH 2J/L J/L 2J/LS 2J3/S+ J/s+ 2J/S 13/L 1J3/s+ 1J3/S 4T7/L  3T/L
Aliased Class: 2J/L 2J/S+ 2J/s+ 2J/s 2J/S 2T/L
Fuel Burn Rate (kg/min)
o] na na na na na na na na na na na na na na na na na na
5 na na na na na na na na na na na na na na na na na na
10 na na na na na na na na na na na na na na na na na na
15 na na na na na na na na na na na na na na na na na na
20 na na na na na na na na na na na na na na na na na na
30 145.5 45.8 80.3 37.1 16.1 86.0 53.1 30.3 30.3 26.0 11.7 11.7 7.1 11.7 7.1 7.1 40.4 10.7
40 145.5 45.3 80.9 37.4 16.1 86.2 53.2 30.4 30.4 26.0 11.6 11.6 7.2 11.6 7.2 7.2 41.0 10.8
60 145.4 44.2 82.1 38.0 16.0 86.4 53.5 30.6 30.6 26.0 11.5 11.5 7.4 11.5 7.4 7.4 42.3 10.9
80 145.4 43.2 83.3 38.6 16.0 86.6 53.7 30.8 30.8 26.1 11.3 11.3 7.6 11.3 7.6 7.6 43.6 11.1
100 145.3 42.2 84.6 39.2 16.0 86.8 53.9 31.0 31.0 26.1 11.2 11.2 7.8 11.2 7.8 7.8 44.9 11.3
120 166.2 53.8 115.0 56.4 21.0 100.3 59.8 37.6 37.6 31.2 13.9 13.9 7.9 13.9 7.9 7.9 46.4 11.4
140 165.7 54.4 116.6 57.1 20.9 100.4 60.0 37.8 37.8 31.1 14.0 14.0 8.2 14.0 8.2 8.2 47.8 11.6
160 165.2 55.1 118.2 57.9 20.8 100.5 60.3 38.0 38.0 31.1 14.1 14.1 8.4 14.1 8.4 8.4 49.4 11.5
180 164.6 55.7 119.8 58.8 20.6 100.6 60.5 38.1 38.1 31.1 14.2 14.2 8.6 14.2 8.6 8.6 51.0 11.5
200 164.0 56.4 121.4 59.6 20.5 100.8 60.7 38.4 38.4 31.1 14.3 14.3 8.8 14.3 8.8 8.8 52.6 11.2
220 163.4 57.0 123.1 60.5 20.4 100.8 60.9 38.6 38.6 31.1 14.4 14.4 9.0 14.4 9.0 9.0 54.4 10.8
240 162.7 57.7 124.8 61.3 20.2 100.9 61.1 38.8 38.8 30.9 14.4 14.4 9.3 14.4 9.3 9.3 56.2 10.4
260 161.9 57.1 126.3 60.7 20.1 100.9 61.4 38.6 38.6 30.0 14.4 14.4 9.5 14.4 9.5 9.5 56.4 10.0
280 159.3 56.3 124.8 59.8 19.4 101.0 61.6 38.0 38.0 28.9 14.1 14.1 9.8 14.1 9.8 9.8 56.1 9.0
300 157.0 55.5 122.1 59.1 18.1 100.7 61.8 37.0 37.0 27.5 13.6 13.6 10.1 13.6 10.1 10.1 55.8 8.7
320 154.1 53.1 119.9 57.4 16.9 98.4 60.9 35.9 35.9 26.4 13.1 13.1 10.3 13.1 10.3 10.3 54.8 6.9
340 151.3 50.4 116.3 55.0 15.8 96.0 59.5 34.8 34.8 25.4 12.5 12.5 10.1 12.5 10.1 10.1 52.2 6.6
360 148.0 48.1 113.8 53.0 14.8 93.6 58.6 33.8 33.8 24.7 11.9 11.9 9.7 11.9 9.7 9.7 49.7 5.9
380 144.8 46.5 112.9 50.3 14.0 92.0 58.4 33.2 33.2 24.2 11.5 11.5 9.4 11.5 9.4 9.4 47.6 4.1
400 139.1 45.3 111.8 47.8 13.3 91.2 58.8 32.0 32.0 23.9 11.1 11.1 8.7 11.1 8.7 8.7 45.6 4.0
FL Aircraft Class:| 2T/L  T/L 2T/S+ T/S+ 2T/S T/S 1T/s+ 1T/S 4P/L 3P/S 2P/L 2P/S+ P/S+ 2P/S P/S 1P/S+ 1P/S SST 8J/H
Aliased Class: 2T/L 2T/S+ 2T/s 2T/S 2T/s 2P/s 2P/S 2P/S 2P/S 2P/S 2P/S 1P/s 43/H  4J3/H
Fuel Burn Rate (kg/min)
o na na na na na na na na na na na na na na na na na na na
5 na na na na na na na na na na na na na na na na na na na
10 na na na na na na na na na na na na na na na na na na na
15 na na na na na na na na na na na na na na na na na na na
20 na na na na na na na na na na na na na na na na na na na
30 10.7 10.7 6.0 6.0 4.3 4.3 4.3 4.3 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 145.5 145.5
40 10.8 10.8 6.1 6.1 4.3 4.3 4.3 4.3 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 145.5 145.5
60 10.9 10.9 6.3 6.3 4.4 4.4 4.4 4.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 145.4 145.4
80 11.1 11.1 6.5 6.5 4.4 4.4 4.4 4.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 145.4 145.4
100 11.3 11.3 6.7 6.7 4.4 4.4 4.4 4.4 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 145.3 145.3
120 11.4 11.4 6.6 6.6 3.9 3.9 3.9 3.9 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 166.2 166.2
140 11.6 11.6 6.5 6.5 3.9 3.9 3.9 3.9 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 165.7 165.7
160 11.5 11.5 6.5 6.5 3.9 3.9 3.9 3.9 2.5 2.5 2.5 2.5 2.5 2.5 2.5 0.5 0.5 165.2 165.2
180 11.5 11.5 6.3 6.3 3.8 3.8 3.8 3.8 2.5 2.5 2.5 2.5 2.5 2.5 2.5 na na 164.6 164.6
200 11.2 11.2 6.0 6.0 3.6 3.6 3.6 3.6 1.8 1.8 1.8 1.8 1.8 1.8 1.8 na na 164.0 164.0
220 10.8 10.8 5.8 5.8 3.5 3.5 3.5 3.5 1.8 1.8 1.8 1.8 1.8 1.8 1.8 na na 163.4 163.4
240 10.4 10.4 5.6 5.6 3.3 3.3 3.3 3.3 1.8 1.8 1.8 1.8 1.8 1.8 1.8 na na 162.7 162.7
260 10.0 10.0 5.4 5.4 3.2 3.2 3.2 3.2 1.4 1.4 1.4 1.4 1.4 1.4 1.4 na na 161.9 161.9
280 9.0 9.0 5.2 5.2 3.1 3.1 3.1 3.1 1.4 1.4 1.4 1.4 1.4 1.4 1.4 na na 159.3 159.3
300 8.7 8.7 5.0 5.0 3.0 3.0 3.0 3.0 1.4 1.4 1.4 1.4 1.4 1.4 1.4 na na 157.0 157.0
320 6.9 6.9 4.0 4.0 2.9 2.9 2.9 2.9 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 154.1 154.7
340 6.6 6.6 1.8 1.8 2.8 2.8 2.8 2.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 151.3 151.3
360 5.9 5.9 1.7 1.7 2.7 2.7 2.7 2.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 148.0 148.0
380 4.1 4.1 1.7 1.7 2.6 2.6 2.6 2.6 na na na na na na na na na 144.8 144.8
400 4.0 4.0 1.7 1.7 2.2 2.2 2.2 2.2 na na na na na na na na na 139.1 139.1
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FL Aircraft Class:| 4J/H 4J/L 3J/H 3J/L 3J/s+ 2J/H 2J/LH 2J/L J/L 2J/LS 2J3/S+ J/s+ 2J/s 13/ 1J/S+ 1J3/S 4T/L 3T/L
Aliased Class: 2J/L 2J/S+ 2J/s+ 2J/s 2J/S 2T/L
Fuel Burn Rate (kg/min)
o 40.2 43.5 37.6 22.7 13.9 25.0 18.4 11.9 11.9 15.1 9.8 9.8 4.2 9.8 4.2 4.2 18.1 6.6
5 39.9 43.2 37.3 22.7 13.7 24.9 18.3 11.9 11.9 15.1 9.7 9.7 4.2 9.7 4.2 4.2 18.0 6.5
10 39.5 42.9 37.1 22.6 13.5 24.7 18.3 11.9 11.9 15.1 9.6 9.6 4.2 9.6 4.2 4.2 17.8 6.5
15 39.2 42.6 36.8 22.6 13.3 24.6 18.3 11.9 11.9 15.1 9.5 9.5 4.2 9.5 4.2 4.2 17.7 6.5
20 38.9 42.2 36.5 22.5 13.1 24.4 18.2 11.9 11.9 15.1 9.4 9.4 4.2 9.4 4.2 4.2 17.6 6.5
30 38.3 41.5 35.9 22.4 12.7 24.1 18.2 11.8 11.8 15.0 9.2 9.2 4.2 9.2 4.2 4.2 17.3 6.4
40 37.6 40.9 35.3 22.3 12.3 23.8 18.1 11.8 11.8 15.0 9.1 9.1 4.2 9.1 4.2 4.2 17.1 6.4
60 36.2 39.6 34.2 22.1 11.5 23.3 18.0 11.8 11.8 14.9 8.7 8.7 4.1 8.7 4.1 4.1 16.6 6.3
80 34.9 38.2 33.0 21.9 10.7 22.7 17.9 11.7 11.7 14.9 8.3 8.3 4.1 8.3 4.1 4.1 16.1 6.2
100 33.5 36.9 31.9 21.7 10.0 22.1 17.7 11.7 11.7 14.8 8.0 8.0 4.1 8.0 4.1 4.1 15.6 6.1
120 32.2 35.6 30.8 21.5 9.2 21.5 17.6 11.7 11.7 14.7 7.6 7.6 4.0 7.6 4.0 4.0 15.1 6.0
140 30.8 34.3 29.6 21.3 8.4 20.9 17.5 11.6 11.6 14.7 7.2 7.2 4.0 7.2 4.0 4.0 14.6 5.9
160 29.5 33.0 28.5 21.1 7.6 20.4 17.4 11.6 11.6 14.6 6.8 6.8 4.0 6.8 4.0 4.0 14.1 6.0
180 28.1 31.7 27.3 20.9 6.9 19.8 17.2 11.5 11.5 14.5 6.5 6.5 4.0 6.5 4.0 4.0 13.6 6.0
200 25.8 30.4 26.2 20.7 6.5 19.2 17.1 115 11.5 14.4 6.1 6.1 3.9 6.1 3.9 3.9 13.1 5.9
220 24.4 29.0 25.0 20.5 6.2 18.6 17.0 11.5 11.5 14.4 5.9 5.9 3.9 5.9 3.9 3.9 12.6 5.8
240 23.1 27.7 23.9 20.3 5.9 18.0 16.9 11.4 11.4 14.3 5.6 5.6 3.9 5.6 3.9 3.9 12.1 5.7
260 21.7 26.4 22.7 20.1 5.6 17.5 16.7 13.1 13.1 14.2 5.3 5.3 5.4 5.3 5.4 5.4 11.6 5.6
280 20.4 25.1 21.6 19.9 5.4 16.8 16.6 12.9 12.9 14.2 6.6 6.6 5.2 6.6 5.2 5.2 11.1 5.0
300 40.4 23.7 20.4 19.7 5.1 16.3 16.5 16.4 16.4 14.1 7.9 7.9 4.9 7.9 4.9 4.9 10.6 5.0
320 37.7 22.4 19.3 19.5 4.9 15.7 16.3 15.8 15.8 17.2 7.7 7.7 4.5 7.7 4.5 4.5 10.1 4.0
340 35.0 21.1 18.2 19.3 4.6 15.1 16.2 15.2 15.2 16.8 7.3 7.3 4.2 7.3 4.2 4.2 9.6 4.0
360 52.8 19.8 17.0 19.1 4.4 15.1 16.1 14.6 14.6 16.4 6.9 6.9 3.9 6.9 3.9 3.9 9.1 3.6
380 48.8 18.5 15.9 18.9 4.2 14.3 16.0 14.1 14.1 16.0 6.6 6.6 3.6 6.6 3.6 3.6 8.6 2.7
400 44.7 17.1 14.7 18.7 4.0 13.6 15.8 13.6 13.6 15.7 6.4 6.4 3.6 6.4 3.6 3.6 8.1 2.7
FL Aircraft Class:| 2T/L T/L 2T/S+ T/S+ 2T/S T/S 1T/S+ 1T/S 4P/L 3P/S 2P/L  2P/S+ P/S+ 2P/S P/S 1P/S+ 1P/S SST 8J/H
Aliased Class: 2T/L 2T/S+ 2T/s 2T/S 2T/sS 2P/s 2P/s 2P/s 2P/S 2P/S 2P/S 1P/s 43/H  4J3/H
Fuel Burn Rate (kg/min)
[0} 6.6 6.6 4.5 4.5 3.2 3.2 3.2 3.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 40.2 40.2
5 6.5 6.5 4.5 4.5 3.2 3.2 3.2 3.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 39.9 39.9
10 6.5 6.5 4.5 4.5 3.2 3.2 3.2 3.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 39.5 39.5
15 6.5 6.5 4.5 4.5 3.2 3.2 3.2 3.2 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 39.2 39.2
20 6.5 6.5 4.4 4.4 3.1 3.1 3.1 3.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 38.9 38.9
30 6.4 6.4 4.4 4.4 3.1 3.1 3.1 3.1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 38.3 38.3
40 6.4 6.4 4.4 4.4 3.0 3.0 3.0 3.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 37.6 37.6
60 6.3 6.3 4.3 4.3 2.9 2.9 2.9 2.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 36.2 36.2
80 6.2 6.2 4.2 4.2 2.8 2.8 2.8 2.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 34.9 34.9
100 6.1 6.1 4.1 4.1 2.7 2.7 2.7 2.7 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 33.5 33.5
120 6.0 6.0 4.1 4.1 2.6 2.6 2.6 2.6 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 32.2 32.2
140 5.9 5.9 4.0 4.0 2.5 2.5 2.5 2.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 30.8 30.8
160 6.0 6.0 3.9 3.9 2.4 2.4 2.4 2.4 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.3 0.3 29.5 29.5
180 6.0 6.0 3.9 3.9 2.3 2.3 2.3 2.3 1.0 1.0 1.0 1.0 1.0 1.0 1.0 na na 28.1 28.1
200 5.9 5.9 3.8 3.8 2.2 2.2 2.2 2.2 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 25.8 25.8
220 5.8 5.8 3.7 3.7 2.1 2.1 2.1 2.1 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 24.4 24.4
240 5.7 5.7 3.6 3.6 1.9 1.9 1.9 1.9 0.7 0.7 0.7 0.7 0.7 0.7 0.7 na na 23.1 23.1
260 5.6 5.6 3.6 3.6 1.8 1.8 1.8 1.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 na na 21.7 21.7
280 5.0 5.0 3.5 3.5 1.7 1.7 1.7 1.7 0.5 0.5 0.5 0.5 0.5 0.5 0.5 na na 20.4 20.4
300 5.0 5.0 3.4 3.4 1.6 1.6 1.6 1.6 0.5 0.5 0.5 0.5 0.5 (0)45) 0.5 na na 40.4 40.4
320 4.0 4.0 2.7 2.7 1.5 1.5 1.5 1.5 0.3 0.3 0.3 0.3 0.3 0.3 0.3 na na 37.7 37.7
340 4.0 4.0 1.3 1.3 1.3 1.3 1.3 1.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 na na 35.0 35.0
360 3.6 3.6 1.3 1.3 1.2 1.2 1.2 1.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 na na 52.8 52.8
380 2.7 2.7 1.3 1.3 1.1 1.1 1.1 1.1 na na na na na na na na na 48.8 48.8
400 2.7 2.7 1.3 1.3 0.9 0.9 0.9 0.9 na na na na na na na na na 44.7 a44.7
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Appendix F Trajectory Optimization Analysis Assumptions
Table F.1 Trajectory Optimization Aircraft Assumptions

Note: Weight, altitudes, and speeds assumptions are from Reference [37].
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FAA Initial Altitude | Altitude CAS CAS CAS Fuel Scale
Aircraft Weight Weight | (Cruise) (MF) (Cruise) (MF) (Ave. Descenf) Factor

Type Class (Ib) (ft) (ft) (kt) (kt) (kt) w.r.tB727
AT42 S 33069 25000 7000 184.30 180 182.15 0.37
BA31 S 13669 25000 7000 167.50 200 183.75 0.18
BE20 S 11010 32000 7000 176.20 205 190.6 0.30
AT72 LNJ 44092 23000 10000 192.20 195 193.6 0.25
BATP LNJ 44092 23000 10000 161.70 180 170.85 0.15
B727 LJ 163140 33000 10000 292.70 250 271.35 1.00
B737 LJ 101412 37000 10000 231.60 250 240.8 1.08
B73S LJ 119048 37000 10000 238.60 250 2443 1.21
BA4 6 LJ 79366 31000 10000 25740 250 2537 0.63
DC9 LJ 100089 35000 10000 272.30 250 261.15 1.23
EA32 LJ 136685 39000 10000 241.40 250 245.7 1.44
FK10 LJ 83775 35000 10000 235.20 250 242.6 1.04
FK28 LJ 52910 35000 10000 235.20 250 242.6 0.79
MD80 LJ 134922 37000 10000 245.70 250 247.85 1.04
B747 H 617288 36000 10000 27350 250 261.75 3.63
B74F H 661380 39000 10000 265.80 250 257.9 5.75
B757 H 209437 41000 10000 237.10 250 24355 1.42
B767 H 330690 39000 10000 248.30 250 249.15 1.76
DC10 H 374782 39000 10000 255.30 250 252.65 2.04
EA30 H 275575 38000 10000 247.10 250 248.55 163
EA31 H 264552 41000 10000 237.10 250 243.55 1.26
L101 H 340611 40000 10000 24940 250 249.7 0.80
MD11 H 501106 37000 10000 271.00 250 260.5 1.36
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